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PREFACE 



Thi< boA gaUKts otigiDal rostribmims frora a selected graup <l)siiti£uiabed reaevcbers 
tfiai aie actively stvseUtig in Uw UKoe^ and prvucal apislicabooe o< solvsii effects asd 
clKoikal revtiofis 

Tlw itupoeiatKe gecuns a good ufidetsUfidisig of sanoundifi| media effects oa 
cbemkal reacbeg systtm is diftkuU to overestimate. AMlicstiooe |o from cotcjented 
phase ctiesBtftr)' biocfeseical raacuoss le viiro to biologicat systesos io vivo. Catalysis is a 
plienomevon ptcvluced by a paetkolae system imeeacbtig wub ibe rewins subsystem. Ibe 
result (Bay be aa lecremeni of tiie clemical rote or sometimes a decreased ooe Al tbe 
Eottonv caialytk sources cat be oluractanzed aa a special Urvj of surrouBdiDg tnedjum 
effect TIk maieciab iovolviag la catalysis may range trae looegamc cceepooems as in 
uolites, homogenous comfooents, eosyiBes, catalytic anutvidies, and cetarsK maienals 

With the enormous progress achieved by compubng tecliruMgy. an irKteasing niueber 
of molels and phenomenological apfiroaclws are being oed to deKnbe the effects of a 
given sorcounding medium on (Ite elecironk properties of «lected subsystem A numbei of 
quantum diemical metbods and programs, ctinenity applied to calculate in vacuun 
systems, have been supplemented mih a variety of model repeaseniabons. With tbe 
increasing number of methodologies applied to this impcrunt field, it is becoming more 
and more difficult for non*speciaJisi to cope mth theoretical <kvelopmems and ertended 
applicaiioas. Foe tbis and ctber reasons, it is uae deemed amely to produce a boA where 
metiwdology and applicuuons siare analyaed aivj revieived by leading etperts in tbe field. 

Tltt scope of (bis PnkA goes beyond the proper field of solvem effects on cltfmical 
reactions It actually goes deeper in itw analysis of solvent effects at sucli and of cbenvcal 
rextions It also nddresses the prcblem of mimicLing chemkal revests in condensed 
fdiases and bioenvironmen(s 1>« autlioes have goiK through (be preUems raised by the 
limitations found in tbe theoretical represeniabons. In oeder to understand, it is nor 
sufTKiesu to have agreement Mih experiments, cIk schemes siwutd meet (Ite requirements 
put forward by well founded pbyskal tlKoeies 

Ibe b>»k IS structured about well defined tbervs. Rrst stamjs the most methodologic 
contributiceis' continuum approach to tbe sutrouiuding media (Chapter I k density 
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fuottiotuJ Uwwy *iUuti Cm mclicfi fieU ap^oA (Otapwr 2) Mottie Cailo 
Kp»««n(aiioa» of «olv£ni cffecu (O14W 3i, molecuUr dyttaiBica sueuJaitM of 
Miroufvjias toedium wiibiii tlv afe loiuo ^kfisiiy fuBCUonsl trafiMwo/k (^afwr 4) 
Dyvamtca] aipecta of cbcnvcal reactiou ard aolvem «n?cu occoims ihe cattrst focua in 
Clupian 5 and fk Hie )mi ctia|it&r ct«taie< a gancra] <|uaAUin tneclufucaJ atatyaa of 
dyoaoucal aol«ou affecia asd clMtnkat rtacDoaa. 

In clispiaa J, Profs Craioar and TniMar b'ovMte as ovtrviaw of tlw ciuraoi »urua of 
cotHinaom toodab of solvatioA TVy acanvoa avaibbla cotuitumm (bodal< and 
compulouooal techna4ua« implaibamins suoli models fo; boiti akccroHaiia atad bob* 
abctrosisuc corepoMois of iba fraa aoargy of «ol«aiicai. TlKy (baa coautk; a nmebar of 
case anidws «i(li iiarucular Imib on (ba faadjcuon of bawrocyclia laucnbactc agudibnc In 
tlv djsciasiOB of Cm lau«r ihay locus astanuon on tie MbOauas of acua] ohaimoa] syeanu 
and sofba of iba dati^ar 10 applying coniinmue inolels isionuoJy Tley ltop« tba raadar 
ndl eoerga widi a babrvad apfiraciaiiOB of tie po««r and limiiauons of ibaae matliods In 
lha Iasi aaosiOB (ley offer a bnaf ovarvie* of methods 10 aitervj oogiinuum aolvanoo 
moikling to aococat for dynamic affects ia sfienroscofiy and Uaeiks l>iau ccnoluuoA is 
that there baa bean ireoendous progress in iba davelofKnaat arvj practical implasBenUUOB 
of useful (OBtiaoun toodals m die last five yearc l>iasa ladeidoas are now poised 10 
allow quaniiBB clwmuiry to have tbe same eaiolDDuiary iiepaci on (oodensad*phasa 
cheoiatvy as the bsi 23 years bava witoesaad for gas-plia« deieiatry. 

In ctiapttr 1, Profs Conueras, Pfraa and Aieman prasaot tie daauty funciiOBal iDFj 
tleoiy in tie fraoiatvork oftba reaccioo field iRPi approach to solvent effects. In spie of 
tie ^t Uut the elecirosiaDc poteouab for cauots and aniOBs ditpby <|uie a differeol 
fuaciionaJ dependence wub Cm radial variable, they sbosv tiai h is possible in toili cases to 
biutd up SB urufied procedure consistent «itb the Bom toodal of ton solvaoon Tlv 
proposed procedure avoids tlv mirajoctioa of arbiiraiy icnic radii in Uv calcuJaiiOB of 
insemoe aoer^. Etpanally interesting is tiM introduction of local lodices in iba solvaiioB 
energy atpre«aon iba affect of iba polarizable madiuoi is directly e»presed in tetmt of 
iba Boiiiral reactivuy indices of DF theory. The paper peovides Cm ibatf atical basis foe iba 
ireaimani of cbeoucal reactivity 10 sobiuoa 

la chapter 2, Profe A GoozbeZ'Lafont, lJuch and Battibi presnt an overview of 
MoBie Carlo simuJaiioBS forcbamxal reactions in sofutiOB Firsi of all, the aoibors bnefly 
review die oiajo aspacis of iba Monte Cvio meibotology wlun it is applied to iIk 
treaiBieru of liQuid suie and solubon .Special aueebon is paid to tbe cakulanoes of Cie fnea 
energy difleraaiccs and pntentbl etergy ilvough pair potsnuals and aiany*Kidy corrections 
T%e appbcauons of this nvibodology to diflerenc chemical reactions in sohition are 
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[p ciBpier 4. ?rof< Corofifio Esirin, Paglieri aatf ltM|uuBae CMsdcr ilio«e ay^mia ibcy 
Mve ariaJyiaj io ib< )»t <e» yevs, wlok ipdimiog ifcoruortiegs aed sdvjBta^ in 
dift«KfU afvmcl^ Io ils nvibodological mcum (b«y «sp«cjal aneotion to Uk 
dcnocy fovMPdJ itKory jaifiUnxetation le Utfir compiler specially 

iaten<lias is Uk pRtffiuDoo of DF UMMy aivj Molecular OytuBiks ovttMd deveU^d by 
Carr and Parruv)(o Heie, ilw dmrooio paiaovsers as ^ell aa ibe nuclear coordinates are 
iraaied as dyoainKal variables 

In chaixar 5. Prof Hynes reviews Uk Qroie>HyMs iCH> afiproacli lo reacuoo rate 
constariK in solutioo, lo^dier «iih uoifile mokls ihai give a deep«c perspocbve on Use 
reactioo dynamics and various aspecta of Use ger^abzrd frkbooal leftuence on ile rates. 
BoUi cUsascai particle clurge cransler and quaviim panicle ctiarge transfer reacuoes are 
examined. Ibe fact ifiat the theory Itae always been found to agree with oiotecular 
dyoaoikt coatfnner siaubtiorv results for realistic moikis of otany arvj varied rextion 
types gives confidence that it may be used to aoelyze real expenoterual results Asoiber 
latetesiing result le MD simulations of S^2 reaction io solution is that a ma^or portion of 
Use solvent reorgaaiaaiion to a stale approfiiate to solvatsig the symotevic cliacge 
distribution of ihe reagents at else bartter cop lalies place well before else reagent cliarge 
distribution begins to ebaage ITus shows very clearly for tlK SN2 system that one caaot 
piciore the progress of a cbentical reaction as a calm progression alutg tlw potential of 
mean force com (a cbentical reaction is mcrinsically a dyoaimc, and not an equilibnimt 
event! 

In chapter 6, Profs Bianco and Hyvs give some bigbUglits of a Ueory which cceebebes 
Use familiar multistats valence bond (VB! puture of a moleculac system wiib a dielectrsc 
cofitinnum model for the solvent and includes a quantum moikl for tlw electronic solvent 
polirization. Ibe different ««igbts of ihe diabatk states going from gas pliae to soltition 
introduce easily ibe polarization of Use solute by ibe reaction field Non equilibrium effects 
ace introducing dividing the solvent polatuation in two components, ibe electrons 
polarization (fasti and tlK reorientaiiou polarization fslowi In this way ibe (beory u 
capable of desribing both Do regimes of equilibrium and non-equilibnum solvaiton Foe 
Ibe latter Uk autbors have developed j framework of natural solvent ccordmatss Ibe non* 
equilbnum free energy surfve obtained can be uaed to analyze reactwA paiha aivj to 
cakulate reaction rates constants Finally, ibe quantum nsodel for Uk electronic solvent 
polanzalion allows to define two limits self consistent (SC) and Bcrrs-Oppenheimsr (BO) 
In Ibe SC case, the electroiuc solvent frequevy is much smaller than tlse frequency of 
in terc on version of VB states So. the solvem see the average charge distribution. Ia Um BO 
case. It happens Uk contrary. Now tlw electrouio solvent frequerwy is much faster iban VB 
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lAercottveniOBs ll nMass Uw solvauoa of ton]i 2 «d slsus s/mJ. ai a coowfloesM. tlol ibe 
0«e ebetgy trafe Cm aolv«tu poitti of view is tower Dun Dm aolvattoo of ihe detonliud 
&e)f-«ort3i«ien( charge difWbuliorL 

[n chapter 7. Profi. Tapaa. AAdMs aod Siaouio give ao exietded afiaJyas of the quaniiBU 
loecluiBCS of aoivefU effecta, cbeoucal reaetio«< oinI Umit re<iprc«at effecii. TV sund 
point la «oioe»)ui differed frort current pragouuc vieue TV quanium rnecheruce of n* 
elecirota and m-noclei le ecanaited with spetiaJ ereplidia on poaaible shortoonuoga ofihe 
BcrnOpc«nheimer framewoet wVn u le applied (o a cVrnical intercutveraaon peocwaa 
Time depeodem fVrtomena is lugfdigCted. TV authors go a step Vyood previous wave 
mecbaBical ireaimeDca of aotveni effects by explicitly mdiadiiig a titoe-dependeet approadt 
to aolrent dynanics arvj solute*solveru coupling Solved fluctuauon effects cn tbe soltite 
reactive properties inchidr now nwet of the J-dimensiortal toodels curremly available irt tbe 
bterarure Time deperudent effects are aUo iruroduced in the discission of ilw quantum 
mecbanics of ctiemica] intercortversions. Hus perspective kads to a more geteraJ iVory of 
cVmioal reactions incorporating Cm concept of <|ujntiUB resonaces u Cm imerconvecsioo 
sta^ TV theory of solvent effects on cVmical reactions is tVn framed indepenVntly of 
current quantum cbenvcaJ procedure!. As tiM clupier unfolds, an extended overview is 
inchided of impcrunt svort reported on solvent effects and cbemical rencbom 

A Enok on solvent effects today carmot cbise oompkter^ IV field is growing at a 
dazzling pve. Conspknous by us absence is tV integral equation description of 
correlaiion functions Mid. m particular imer^on-site teokl-IUSM- by D Cliandler and 
HC. Andersen and lattr extended for tbe ueaiment of polar and icnk systems l>y Rooky 
and cowotkers. Path integral metbcd is ctirrencly being employed in this field By and 
large, we believe tliat tbe mos* intpottant aipetit of tie theory and practice of solvent 
effects lave been covered in this bocki and we apologize to those authors that may feel 
their week to have been inappropriately recognized. 

Finally, Ue editors of ibu bock would tend to agree with Cramer aruj Truhlar's 
statement that contemptfaiy advances in the fiekf of solvent effect representation wculd 
allow quantum cVmisiry to have Cm ame rewloaonary impact on coadensed*phaae 
clMotisiry as ila lat 25 years have witnessed for gas>phjse clMotisuy We hope this book 
will contribute to tins erul 
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Abblnct Thi^ chaplet reviews the iheorTCcal background tor continuum 
iTKxlcU ot ^olvadon^ recent advances in their irDpIementauon. and iJIuslraiive 
eufnpJet of their use. Continuum modeh are (he most efficient wav to include 
condsr\sed^|riuse elfccis into quantum mechanical calcuJaticxis^ and this is 
typKidIv nccomphtbed by the using telf<onsit;tent reaction field (SCRP) 
iippeoach for the electrostatic component. This iipproach doet not autorruUKaJIv 
include the rwn^ectrottadc component of solvation, and we review various 
approaches for including that aspect The performance of various models is 
compared for a number of applications, with en^hasis on heterocyclic lautoroenc 
et^tuiibria because they have been the subject of the widest variely of studies. For 
noneqtuhteium applications. e.g. dvruiroics and spectroscopy, one onist consider 
the various time scales of the solvation proce ss and the dynamical process under 
consideration, and the linaJ secocn of the review discusses diese issues. 
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i I <TAMCJ^ AND 0 G nUtlLA6l 



1 ln(roduc(inn 

Accurale ireatfDtnL^ of conden^M^pha^ iyU£tM are pajiicuUrly cballeiifini for 
dworeccal chenustry The pnnuiry reason that proWenis are 

ibnmdabk is the inlraotabiUcy of sclvin| the Schrodinger equation for lar^« oon« 
psrxodic ayrtem^ Although the nuckar degrees of freedom roay be rersdered 
separable frcoi the electronic ones by invocaocn of the Bom^ppenheimer 
approximation^ the ekctromc degrees of freedom remain far loo numerDua to be 
handJed practically^ especiaJly if a quantum mechanical apfnach is used without 
comproroise Therefore it )s very common lo replace lltf quantaJ problem by a 
classical one in which the elecrronic ervrgy pltia Ihe cotJombK interactions of the 
nuclei, taken logetltfr^ are modeled by a classical force field— this approach )s 
usually called molecular oiechanict (MM) Ancaher approach is to divide the 
system into rwo pans: ()) the pimary subsystem consisting of sohite and perhapt 
a few nearby solvent molecules and (2> the secondary subsystem consisting of the 
rest The primary subsystem might be treated by quantum oiechanics to retain lltf 
accuracy ot that appoaclu whereas the secondary subsysterru fof aJI practicaJ 
purposes, it treated by MM to reduce the computalionaJ complexity Such bvteidt 
of quantum mechanics and classical mechanics oflen abbreviated QM/MM« allow 
the prediclion ot properlies dependent on Ihe quaiual nanire of the solute, which i^ 
especially important for confwioational equilibria dominated by ^terec^ecuonic 
elfecls^ open shell systeros^ bor^ rearrangeroents^ and speclroscop)^. At ihe same 
time« this approach permits the treatment of specific Rru^sclvaiion^shell 
interactions. 

The QM/MM roethodalogy |l«7) has seen increasing application |S«I6) 
and has been recently reviewed |l7«l9) The classical solvent mokcdes may also 
be axtigned classical polaiiaabilily tensors, althou|h (hit enhancement appears to 
have teen tised to date orJy for simulations in which the sduie is also represented 
classicallv (3X30). The treatment of the electrcnic problem, whether qtiantal. 
classical. Of hybrid, eveolually leads to a potential onergv surface governing the 
nuclear coordinates. 

The treatment of the nuclear cccrdinaces also preserUs imposing 
challenges. The potential energy hypersurface for a condensed^l^iase system has 
numerous low^oergy local minima. An accurate prediction of thermodynamic 
and quasi^thermodynamic properties thus requires wide sampling of the 6N* 
dimensimoJ energyAnooientum phase space, where ^ is the number of particles 
(31, 32| Both dvnaroical and pmbabilislic methods may be employed lo 
accomplish this saoipling [3X44], hut it can be difficult to converge (42, 43«S0|, 
and It IS expensive when long-range forces te.g.. Coulomb interactioos) are 
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£i|nillcant |4& SUSA]. Ol^o loc^l iranijna in (he hypenujfare hav'e steep 
surroufidiAg potendals due to intenno4ecuUf inler3CQons or lo sdiue cnolecdes 
having inuJupIe conf^roaticns sep^faled by significant bajncrs |4& 55): such 
situaoms are pntriccnadc for swipJifig ^preaches that are easily trapped m deep 
potenoaJ wells. The (impractical i fully <]uantal appeoach. and the QM/MM and 
fully MM methods Aat treat solvent molecules eaplinOy. share the disadvantage 
dul they all require eHioeni techniques for the sampling of phase yace Per the 
QM/MM and fully MM approaches this sampling problem becomes the 
computational bottleneck. 

When stmetund and dynanucal in(«matioo atcut the solvent molecules 
theoiseJsea is not of pnoiary interest the solute^scdvent sy.stem may be made 
simpler by modeling the secondary subsystem as an infinite (usually isotropic} 
medium characlenred bv iltf same djelecinc constant a.s the bulk solvent, ie. a 

t 

diekclnc cononuum In most appJicaoons the cononuum may te Ihoughi of as a 
configtiration^averaged or time^averaged solvent envirooment. v»here the 
averaging is Boltzmann weighted at the temperature of interest The dielectric 
cononuum approach is thus also somedmes referred to as a ''meaj^fteld"" 
approach The mcdel includes polanzaiion of the djcIcctrK cononuum by the 
solute's electric field: chat polanzaoon and the energetics of he solute^continuum 
inlecacDcn are calculated by classicaJ electrcstaiic formulas (56). in particular the 
Bmsson equation or the Pcisson^Bolumann equaiioru the laoer finduig use in 
systems where the continuum is considered to have an ionic strength ansing from 
dissolved salts. 

Cendnuum mcdels remove the difikuloes asscciatcd wnh the staiisticaJ 
sampling of phase ^lace. but they do sc at the cost of losing nsolectdar^level 
detail In most centinuum models, dynamical properties a.ssociaied with the 
soKent and with sohite*scl\ent inceractioos are replaced by equilibrium averages. 
Pucthennore. the choice of where the primary subsystem ''ends"" and the dielectric 
continuum 'iKgins"'. i e . the boundary and Ihe shape of the ^cavity"" containing 
the primary subsystem, is ambiguous (since such a tcundary is intrinsically nor^ 
physicaJi Typically this boundary is placed on some son of van der Waalc 
envelope of either the scriute or the solute plus a fow key solvent molecules 

Continuum models have a Ions honorable traditioo in solvation 

modeling, they ultimately have their rccts in the classicaJ formulas of Mossotii 
(I&50). Clausius U579). Lmnu (ISSO). and Lmnz (I8SI). based on the 
polarization fields in condensed media (32. 57). Chemical theemodynarnKS is 
based on free energies (581. and the modem theory of fire energies in solution is 
traceable to Bom's derivation ()920> of the electrostatic free energy of insertion 
of a monalomjc ion in a cononuum dielectric |59). and Kirkwood and Onsager's 
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closely reJsted treamius [60~6t] H930s) of dve denruslattc fm of 

iimenioo of dipolar solutes The j^eiranaJ idea of a ;eacuoo fidd (32) wa^ 
devdoped in this work Nondectjuslatic conlhbutions to Mlvaticn wm cnginaJI)^ 
cealed bv molecular models However Lee and RKhard^ (63) sj>d Hermann (64] 
introduced the cor>cepi of ihe solvent accessibJe surface area (SaSA). When a 
p report) cnal icy )s assumed between^ on the one hand« che SASA and« on the ocher 
hand« non^bulk^type deccrwlatic effects and non^electrostaiic effects in the first 
soJvaoon shell (where they are largesl). this aupnencs the contir^uum a|^roach in 
a rational way. The quasclhemKdvruifmc fomuJation of cransition state theory 
eaterds ai! these coocepts to the treatment of reacoon rates by defiruni the 
con densed^ phase free erwrgv of activation (65^7) The breakdown of Iranfioon 
scate che^ for dvruiroics. which is related to 4rf not identicai co) the subject of 
nonec]uilibnum solvaocn. can also be discussed in terms of cononuum models^ as 
pioneered in Kracners" model involving solvent vuccsity and in Marcus' 

worh involving rionequilibnum polanaaiion fields (70). 

The last thirty years have seen a Dowering of sioiuladon techtuques based 
on eiplicil treaonencs of solvent molecules (some references are given abovo) 
Such methods provide new inseshe into the reasons yfhy coniinuuoi methods work 
or don'l w^L However they havo not and never wUJ replace cononuum models 
In fact continuum models are sometimes so soikin^y successful dial hubns may 
be the most serious danger facin| cheir prartiocners. One of the goals of this 
presenJ chapter will be to diffuse (but not enOrely defialeli any possible 
overron fide nee 

The peseru chapter thus provides an overview of the current status of 
continuum models of solvaoon We review availaUe cononuum models and 
compsuational techniques implementing such models for both decuostaoc and 
non^lectrostaoc components of the free energy of solvaoon We titfn c^sider a 
number of case studies, with particular focus oo the pedicoon of heterocyclic 
tautomeric equihbniL In the discussion of the latter we center auenhon on the 
subtleties of actual chemical systerras ard some of the dangers of applving 
continuum models uncnticaJIy We hope the reader will emerge with a balaiued 
appreciation of Ihe power and IimitaDons of these methods. 

Ai this point we note the existerue of sevemi classic aod recent reviews 
devoted to^ or with considerable ailention paid to. continuum models of solvation 
effects, and we direct the reader to these works for other perspectives dial 

we consider ccmplemeruary to what is presented here 

Section 2 presents a review of the theory underlining self^consisteat 
continuum models, with section 2.) devoted to electroslaiics and section 2.2 
devoted to Ihe incerporaoen of non^lectrostatic effects into continuum solvation 
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fDodding Secdon 3 ibe vanoo^ iiJ|onthfn)c ifDpknitntaoons ex win 

Secdon 4 reviews i^elected applicaoons lo vancus e<]uihbnucn pn^erties and 
contracts different approaches. Section 5 offers a brief overview of cneUiods lo 
extend cononuaiD solvadon mc^linj to account for dvruumc efTecta in lunetKS 
and spectroac^y. and Secdon 6 closes with jsome condusiont and reoiarts about 
future directioos 
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2 I EiECTBOSTATlCS 

A charj^ sysleoi hat an eleclrkal potendai energv equal to the wort that oiust be 
done Id attemble it from seporale coorponenls infinilely far apart and at rest. This 
energy resides in and can bt calculated from the electric Reid This dectroslatic 
potential energy, when considered as a IhecmcdvruifDic quandly. is a free energy 
because it is the maximum work obtainable from the system un^r isotbenoal 
conditions |S4] We have the r^on. therefore, of caJculaong it as an electrostadc 
potential ervrgy or as Ihe isothermal wort in a charging process Although the 
lalter approach is \try p^ular. dadng back to its use bv Bom. the former 
^proach seems to provide more insighi into the quannim mechanical fdrmulaiioru 
and so we ad^t that approach here Recognizini thal the electrostatic potenUal 
energy is the free energy associated with the eleesne polarixaiion of the dielectnc 
oiedium. we will call it Gf 

In general the electroalatic potenoal energy of a charge distribution in a 
dielecrhc medium is |S4. S5) 

Cp=ij rfrjET(r)D(r)-4ffDT(r)D(r)] ID 

where the integration is over the whde dielectric medium (in the case of solvadon 
this means an iotegration over all space ezeept that occupied by the solute). E is 
the electric field. T denotes a transpose. D is the dielectric displaremenc and the 
second term in the integrand references the energy to dioi for die same solute in a 
vacuum Recall from elecuosladcs tful 






< 2 > 



where ^ charge density of the material inserted into the dielectric, i.e.^ of 
the solute, but 
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where 



< 3 ) 



(>tetti«Pff«*PP (4) 

iifld pp the polarizAiiofi charge density^ le.. Ihe charge deitfiiy ij>duced in the 

dielectnc nedium by Ihe scluce (1 q cla^icaJ electrcslaticfi^ pp is often caJled 
Pboijoj)^ In iifi isocr^ic mediuen^ assiuning linear response of the solvent lo the 
solute, it IS generally the case that |84| 

where e^r) is the dielecihc constant (i^« relative penoicdvit)^} of the sclveol ai 
posQon r. 

Cleafly. D(r) js a function of Ihe solute charge densilv ofiiy« and we can 



write 

D<r) = {9f|d(r)|v) (61 

where d(rl is the operator that generates the displacement at r. Then 

Cp«|j rfr|fi’''(r)-4«D^(r)](vK(r)j'|t). (?1 

Using the lineaf re^ense result (5)« we then get 

Gp • -2i« J rfijl - ^ j(v|d^(r]|H«)(v|d(r)| v) (8a) 

» (v -2* J ^ ^ d ^)|v)j V j m 

*('*f|Cp,cf|v) <8c1 



where 
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aj>d wc have defiwl the integcsl opewer 

ajty fiuKliofi^r) If (he ga^pha^e HacniUcnian ^he scriuie's energy 

in (he elecoo^tatic field of the pclahxed solvent is 

Gogp = (u»[Wo+<?P^|v) <ll) 

where \)^% <he Ihermodvnamic inlerpretaiicn of the tolal inteniaJ energy of 

the solute (represented by plus the elecw poJanzaden free energy the 
entire solule^lvent systeoi 

We noae that G^s? is a cooiplicaied fanccion of )n particular it is 
nonlirtear Recall that an cpereccr lirtear if 

A)ph V i = «l^pl Vl> CiUpl V 2 ) • (12) 

However 

Gp^l V i * V2 ) * - Vi + V2|d(r)| Vi V2 K Vi> 

~ d*^(r){ Vi + V 2 y (')| Vl V?)| V 2 ) ( I Sal 

'Cp^|Vl)+C3p^|V2)- list) 

Hence (^.op is noolinear^ and therefore the energy funcUonaJ (^np ^ (ID Is 
nonlinear 

Note that (Tpop of eq. (9) can be written in several eqaivaJent bal differenl 
looking focTTU. as is typical of electruslatic <]aantities in general For example^ it is 
often convenient to express the resalts in terms of the eleclrostaOc scalar potential 
ftr) instead of the electric vector field Efr). In the formulation above« the 
dielectric displaccmeni vector field associated with the sdute charge distribution 
induces an electric vector field, with which it interacb. In the electrostatic 



( 10 ) 




s 
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pounUal formdation^ the soJute charge dislnbiitioo ii>duce$ an electrosuiiic scaLif 
potential fields with whiri) il inleracts The diffemce between either ij>duced field 
in the pre^nce of solvent compared lo Ihe absence of solvent oiay ke railed the 
reacUon field, using the language menUoned iibove a.t introduced by Onsager. In 
any such focrmiiation^ remain nonlinear. In particular it will have the 

form Aop(9*^Vf where is some cperalor. Sanhueaa et aJ. (S6| have ccnslructed 
variational hinedons represenling general nonlinear Hainillonians having the form 
where q )s any positive nuoiber. The sense of Ihe notation is 
simply that and each appear to (he first power in one term of the ^eralor. 
Thus, comparing lo eq. (9). we see dial their treatment reduces lo our case when q 
± I The q s I case is of special interest since it arises any dme a solute is 
immersed in a mediuoi exhibitin| linear response to it Since this case is central to 
the wort reviewed m this chaplet, we preseni below a self<ontained varialionai 
foruiulaiion tor the f s I case In particular we will consider the case of (?enp as 
expressed above aJlhough the procedure is valid for any Hamillonian whose 
nonlinearity mav be written as with ^ s |. 

In order to motivate the quantum mechanical treatment of a system with 
the energy hincdonal we first consider die functional 

£»(v|«flW 1141 

where ^ is die gas^phase Hamiltonian We use Enler^lagrange theory to fuid a 
differenoaJ etjualion satisfied by the ^ that extremlxes the value of the integral 
functional £ of The Euler etjuafion for an extremum of £ subject to the 
constraint 

(vk)*l 1151 

IS 

(16) 

where X is a Lagrange multiplier Carrying out the variaoon gives 

^ + X((6v|f ) + { vN)) * 0 ( H) 

at 



JsO 



(18) 
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J=2((5flftoW+X(6v|v)). (1^) 

Per this cc be valid for any variation )l is required that 

Mo\f * -Xv l20) 

where X ia evaluated by ii^in| eq (I j). To use eq. (IS), note that (20) iroplies that 

(v|«olV>+^Wv)*0 <2I) 

and uairij (IS) then yielda the inteepreeation of X 

X*-(v|HoW--£- (22) 

PutUnj this in (20) j^ieldt 



KoV-£v«0. (23) 

Thua^ at expected^ tbe Euler equaiioo equivalent to extremizing E ia tbe 
Schrajin|er equaiioo 

Sow consider Ihe funclioruiJ 

Cenp » (v |#0 - (f )( V |«Kr)| vM ■ (24) 

11>e Euler equation for an extremum of Ogfi^ aubyect to the consUaint 

(V|v)-» (15) 

It 



5[GeN|> + X(vIv)1*0 (26) 

where X ia a Uigran^ multiplier Carrying oul the vanatioo givoa 

y*2(Bv|-i*ropaT{rKv|<l(r]|v)lY) 

•-2{v|-iR:c^dT<rKSvla(r)|v))f)»0. <22) 
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Pot Ihi^ i% to be valid for acbiuv) variaiion^ it n reqtmed thal 

HoV->*V"A:opd^(rKv|<«r)|v)f«0 (28i 

wherv X is ajaifi to be evaluated fiujjj the con^Uaint equation FoMowiog the same 
procedure as before we Rjid 

X - -( v[Wo - d ^{rKvl«J(r)|'*r)| v) . <29) 

It IS conventiooaJ lo rewTite eq. (38) as a oooUoear Schrddinfer equation witb 
eigeovalue E 

[Hq - d'^tr)( V M v) - ^) v) « 0- (JOi 

Contpahsoo of (JOl to (28) and (29) shows that 

£ » (v|ffo - £op (f K V I d<r)| vHv) 



= (f|Wolv)-‘-2<?p. 



131> 



Solvioj ihe nonlinear Schrodinger equation yields £ and and the desired 
physical quantity O^p may then be calculated directly from (II) or from 

Genp * £4 i£opd'^(rXv|d(r)| v) 



=E-^p (32) 

which 1 ^ easily derived by comparing eq. (t), (9k (24k and (31). 

Tbe fact that the eigeovalue £ of the nonlinear effective Hamiltonian^ 

= Wo - iCop^^(r)(v|d(r)|ir) (33) 

does not equal the expectation value of the functional thal i^ extreroixed is 
sometimes a source of concision for those unfamiliar with nonlinear Schrodinger 
equations Ttu^ is presumably because io the hr>ear case the expectation value of 
the functioo extremizecL e.g. eq. (14k and the eigeovalue. e.g.. ^ in eq. (20). are 
the same. 

The secood term of equatioo (33) may be called the se]f<onsislent 
reaclioo field (SCftF) equatioo io that eq (30) mu^t be solved iteratively until tbe 
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l?> obujficd b) sc^vini ihc H]iuiiion is ccnuucfH with the W> us<d cc calculate 
<hc reacUofi ftdd Having established an effective ncnlineaf Hiimltofuan^ ooc ray 
solve die Schrbdinger e<]uaticn by anv starvjard (or rwissandiird) maiu>er The 
cofnran elenent is (has the ekclrcstaiic free energy term Gp )s combined wjdi the 
ga&^pluise HamilicniaA Ao cc produce a nonlinear Schrodinger equaUen 

(flo4 2Cfp)v=rv <J4) 

where ^ is Uie solute wave fuocUoru and the reason th^t tO^ appears in eq. (34) ia 
explained above« oamely lhat Gp depends oo and one can show ttut ihe 

vanational sclulioo of(M) yields the teat approximation to 

Es*(v|»0*<3p|v)- (35) 

In mosl work reported sc far« the solute is treated by the Hame^Fock 
rr>ethod {t ^ « %is expressed as a Pock operetor)^ lo which eaeh electron moves in 
the self<onsistent Reid (SCF) of the others. 11>e term SCRP. which should refer 
to the treatment of the reaction Reid, is used b>^ sorr>e workers to refer to a 
combination of the SCKP nonlir>ear Schrcdinger equatioo (34) and SCF method to 
solve it. but in the hiture. as correlated treatments of the solute becomes more 
commoo. it will be necessary to more clearly disttoguisb the SCRF and .SCP 
approxicnaiioos The SCRP rr>ethcd. witb or without the additional SCP 
approximation, was firu proposed b>^ Rioaldi aod Rlvail |S?. 8£). Yorr>osa |S9. 
90 1. aod Tapia ar>d Qoscioski (91) A highly recommeoded review of the 
foundarions of the field was given by Tapia (?l) 

When the SCRF metbod is employed tn coojuoctioo with Hanree^Fock 
theory for tbe solute, then the Pock operator is given by 

136) 

where Is the gas^phase Pock operator Using et^ (9) we cao also write this as 

F-f<«-A:c^d’'(r)(v|d(rJ«). (37) 

There is another widely used method of obtaioing the Pock operator, narrvely to 
obtain its matrix elements as tbe derivative of the eoergy functional witb 
respect to the density In our case that yields 
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_ _3Gpjp 


<3Sa) 


„p(0) 


(38b) 


where is tbe matrix elemeot of the gas-|Aase Fock operator, aod is a 

maths elemeot of the density. This method bypasses the nonlinear Scbr^nger 



equation and 0 >e nonlinear Hajniltooian^ bul a moment's reflection oo the 
vanaiiortaJ process of eqs i24)-^30) shows tbai 3l yields tbe same results as eqs 
(36) and (3?1. This too has caused confusion to tbe literature. 

In conclusioo. we r>o4e that there has recently been considerable iolerest in 
iocludioj intrasolule eleclroo cocrelaiion energy in SCKF theory (77. 92^)06) 
Further progress in this area will be very importaol in improving the reliability of 
die predicUoos^ ai least for *smair solutes 

Next we discuss two aspects of the physical loterpretation of the SCKF 
rrsethcci that are wet! worth emphasi^g 4i) the time scales ai>d iil3 the 
assumption of linear response. 

The oaturaJ time scale ^elee of (be electrooic motion of the solute is 
0ih^Aif|) where d der>otes "'order oT\ h is Flaock's constaot and A£| ts tbe 
lowest electrooic excitation eoergy Assumiog a typical order of magnitude of 10^ 
eV for A£| yields ^elM s&dtH^^^O^Tbe time scale for polarlxatlon of tbe solvent 
IS rrwre complicated For a polar solvent, orientational polancation is tbe 
dominant effect aod it is usually considered to have a Ume scale of d(lO'^^s) 
Thus the electrooic rrvotjon of the solute should adjusl adiabatically to solvent 
onentationaJ polarization, and tbe solvent should "see" the average charge 
distribution (i.e . tbe "mean field*') of the solute. This argument provKles a 
physical justiRcaiioo for the expectaUon value in {6) providiog the field that 
induces the solvent polarization, resulting io a net ekccnc field given by {S). We 
should not forget though that a part of the solvent polariiaUon is electronic in 
ongio. The time scale for solvent electronic polarization is compar Ale to that for 
electronic motions lo the solute, aod tbe SCRP method is noi so applicable for this 
part. A correct treatment of this pan of tbe polariiauon effect would require a 
treatment of electron correlation between solute electrons aod solveot electrons, a 
dauotjng prospect This correlation problem has also teeo discussed from other 
pciotsofview (107-111]. 

Tapia. Colonna. aod Aogyan [II2-II4] have pres e nted ao alternative 
justlRcaLon for tbe appearance of average solute properties in tbe SCKP 
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equaoon^ Their iiffiifoent h lused stanins with a wavc functioo fcx Ibe enore 
soJule^lvent systtfiu then n^uuning a Hajiree producl wave funcliofi of the form 
^wioie^MiUertt Thi^ allows the "^derivation'' of a solut^onlv SchjDdinger equation 
idendcal lo the one denved here The appearance of the Hajtree approxioiaoon 
lilS] in the deovauon a^ain make^ U clear dul scUfte^soJvent electron correladon 
is neglected in the SCRP etjuaticns. It aUo raises the tjuesuon of exchange 
repulsion, which is the ^hort^range repuiaicn between two closed-dtell systems 
due CO the huh ExcUicton Principle if the systems start to overlap^ chetr 

orbitaJs muct distort to remain ofdtosonaJ. This raises the and hence it tc a 

repulsive trueractionj Exchange repulsion betweeo rwo c)»slems is properly 
included in the Haruee«Fc<k a|^roxioiaoon but rtot in the Hartree ^proxioiaUcn 
The neglect of exchange repulsion is a senous lirottation of the SCRF model that 
presents tt from being syctemaiicajly improvable with respect to the solute* 
solvent electron correlaoon 

The assumption of linear respoose played a prootinent role in the 
denvabon (given above) of the SCRP equations, and one aspect of the phvsccs 
implied by this assumptioo it worthy ot special emphatic. This aspect ic the 
pacouoning of into a solute*6oIvent interaction part (7^ and a intrasolvent pan 
(?SS« The panidonins )s quite general since it follows entirely horn the 
assumption of linear response .Since classical elecrrosQtks with a constant 
permiCQvity is a special case of linear response, h can be denved by any number 
of classical electrostatic arguoients The result is (114. ) Id* 1 1 9) 






m 



and hence 



and 



<5»s = 2Cp 



(40) 



Cs8*-Cp, (4I> 

The physical inlerpretalion of these equations is that when the solute polarixes the 
solvent to lower the solute*soJvenl inleracticn e n e r gy by an amount half the 
gain in free energy is canceled by the work in polarizing the solvent, which raises 
its own internal energy. 

Since these equations are general for a system exhibiting linear response, 
we can illuslroie them by the simpleot such system, a harmonic oscillator 
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(rcprcsentiog Uie solvent) lioea/l^ coupled to an exteroal pectuftation 
(represontinf the solute) The eoer|y of tbe iywm (excluding the lOlem^J eoergy 
of the solute) is 

V^^kyi*gys (42) 

where t tt the otcMIator force constaou y is die oscillator coordinates which is a 
geoeralised solvent coordinates { is the coupling force constaou and^ is ihe solute 
coordinate We ideolify 



Gps V 



(4J) 






(44) 



OiS^gys. (45) 

NoWs at etjuilibriujn 

^.0, ,40) 

Tberefores from the denvative of (42l: 

SS^hJg. (4?1 

and putting this in (45) yields 

CsS - -V (4J0 

Comparison of<4S) to (44) agrees with (39k 

A subject not mated here is the use of disiance^dependeol effective 
dielectric constants as a way to take account of the structure in the dielectric 
medium when a solute is present Thts subject has recent!}^ been reviewed |120]s 
In the approaches covered in the present chapter, deviaiiorts of tbe effective 
dielecinc constant from the bulk value may be included in terms of physical 
effects in die fir^t scivadon shell as discussed in Section 2.2. 

As a ftcaJ topic io this seeboru we briefly coosider the effect of electrolyte 
concentrabon on tbe solvent properties. The lloeartsed Poisscn^BcJczmann 
equaiioo (3l.l2l| can be used instead of (2) and (2) when the dielectric mcditim 
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IS a Ulii solution^ and ih\s cquuDofi can be soJved aiuJviicaJly for the case of a 
single point chaj^c Z al Ihe center of a cavity of radios p in a soJv^nt of dielectric 
ccnslanc t The rc8iJdn{ electric potential at a distance r from the center of the 
cavity 16 (122) 



Zo«i±;£V2l 

t' l+p/»7j 



<49) 



where is the Debye screening length 

rc»J/K»(€RT/(8n/)j^. <») 

is the (as ccnstajiu Tthe temperature^ and / is looic strength We roay write this 



as 









(50 



which yields (123) 






<S2) 



For OJ M NaCl in waler. this yields t«rK^) values of about 105 and 130 at r 
equals 3 and 5 respectively^ as coropared to t s j for pure water. Since, 

however, for homogeneous & the dielectric constant enters the solvadcn fret 
energy throu|h the espressicn (1 « g). the relative effect of such an increase will 
not to quantitaovely large (whereas a decrease in a could be more significant) In 
an organk biphase though, where t is smaller, the relative effects of ions could 
be very sigruficanc but they tend to be excluded from such phases Even in 
aqueous solution and even when the relative change in the solvation free energy is 
sroall. the absolute effect of ions may be sgnlficant especially for reactions 
Involving loru (I24| ar>d electrostatics (13$. 136). in both of which cases the 
magnitude of the total electrostatic free energy Is large 



3 2 NON^ELECIHOSTATIC CONTBtBUTlOKS 

It should be clear from the presentation lo the previous section that the SCRP 
mediod is a model that design focuses on only one physical elTect 
accompanying the Insertioo of a solute in a solvent, namely the bulk polarisation 
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of the solveol by the mean field of the ^olule. Thus the model odmittedly oe{lects 
ftll other physicaJ effects. One ofthe^e. eleccroo correkiion between Ihe solute U3d 
the solvent, was mentioned explicitly aJieady This and other physicaJ effects 
missiog in tbe SCRP metbed are discussed in more detail )n this secUoo As a 
sbocthaod we call these effects *'ooo<lecmstatic"" (and abbreviate them but a 
more precise wordiog would be that used )n Section I. oamely nffd ""r>on«butk« 
type electrostatic '' 

Electroo correlation between the solute sr>d solved has an important 
<^uant)laDve effect on the solvabon ^e eoeriy The mosl important qualitative 
manifestation of this cocrelatioo ts the existence of dispers)oo interBcticms 
betweeo solute and solvent (disper^n )ntecact)oos are oeglected )n both the 
Harlree and Hactree^Fock approaimaticms) The solute* solvent disper^n 
loteractions are inseparable in practice from several other effects that are often 
grouped under tbe vague beadiog of cavitation If we make a cavity lo a solvent B 
to accommodate a solute tbe solved molecules in the firm solvation sbell gam 
A^B dispersioo and repulsive mteracDoos^ but at the erpeose of ^B orres. Tbs 
tradeoff may have significant effects^ both enthalpic ar>d entropic. on solvent 
structural properties. The dispersion and solvent structural aspects of cavitation 
are two (Aysical effects oot accounted for lo the treatrr^t of the previous secDoo. 
with Its assumption of ao urscorrelaied horr>ogenemis dielectric medium with 
dielectric constant equal to the bulk value. 

Certain aspects of the solvent structural changes m regions near to the 
solute have received specialixed attention and even inspired their own 
oomenclature Two examples, each with a tong and distinguished theoretical 
history, are the ''hydrophobic effect'" aod "dielectric saturaiioo "" 

Tbe hydrophobic effect refers to certain unfavorable components of the 
solvation free eoergy when a nonpolar solute is dissolved to water The mosl 
generally accepted explanation ino explanation is uruversalty accepted) starts 
^m the premise that a typical cluster of water molecules in tbe bulk makes 
several hydrogen bonds aod has several ways lo do so. M/hen a non*bydrogeo* 
boodiog solute iS introduced, the neighboring water molecules will still make 
aboul the same average number of hydrogen bonds lalthough enthalpic 
compooents of hydrophobcity. when observed, may sometimes be ascribed to a 
reduced lota) number of hydrogen bonds), but they will have less ways to do so 
since tbe opportunities for maximum bydrogeo bonding will restrict the 
orientation of solved molecules tn tbe Rrsl solvaiioo shell, and flipping a 
bydrogeo* bonded cluster will not provide the same possibilities for bydrogeo 
boodiog as it does lo the buU: where the cluster is surrounded on all sides by 
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water. Thus tbe water stnicrure in the dm hydtiiijon shell u more which 

)s entmpically unfavorable 

Dcelectnc saturation refers to the breakdown of l)r>ear response in the 
region near the solute. At higb eoougb the pemuttivit}^ of a dielectric 

medium IS not a constaou it depends on the field |ll& 127). The field in the 
vicinit)^ of the solute may be bigb eoough that this concern becomes a reality, and 
the solvent may fail to respond with the sarne suaceptibiliry as bulk water 
responds to small applied fields This will be especially likely to be a problem for 
muhiply charged. srriaJI ions (I2S. 129) Bucher and Porter [I Mi] have anaJyced 
tbe dielecoic saturaLoo effect quantitatively for ions in water, aod they tied that 
tbe effect of this saturution on the electrostaUc contribution to the h>^draiJon 
energy comes primarily from the region within 2 A of the atomic centers and 
bersce ooly from the Rju hydratioo shell 

Another, related effect leading to ooo-bulk response in tbe first hydration 
shell IS ele<trostrictron|lkl). which is tbe change in solvent density due to the 
higb electric fields in the ffest solvation shell of an ton 

A fourth solveot stnictucaJ effect refers to the average pmpecties of solvent 
molecules near tbe solute These solvent mokcules may have different bond 
leogtbs. bond angles, dipole moments, and polarlxabilities than do bulk solvent 
mokcules For example. Wahlqvist (132) foursd a decrease in the rr^nirude of 
tbe dipole mrment of water molecules near a h)^drophobic wall from 2 8 D (in 
tbeir model) to 2 D. ai>d van Belle et aJ (29) found a drop from 2.S D to 2.6 D 
for flrst^hydration^shellwater molecules arouod a methane molecule. 

Dispersion ts not the only short-range force thai needs tr> be added tr> the 
electrostatic ioteractions. For example, hydrogen bonding is not l(X>% 
elecmstatic but includes covalent aspects as well, aod exchange repulsion is not 
locluded 10 classical electrostatics at all An accurate model should take account 
of all the ways in which sbort-raoge forces differ from the eleclrostauc 
approximatioowitb the bulk value for tbe dielectnc constant 

All these overlappiog effects, oamely cavitation, solute^solveot dispersion 
toteractions. other solut&solvent electron correlation effects, hydrophobic effects, 
dielectric saturation, aod non-bulk properties of solvatiog solveot molecules, 
would be expected to be most sigruficantin the first solvaiioo shell, aod numerous 
molecular dynamics simulations have borne this expectation out 1 13^127). One 
might hope, lo light of this, to treat such effects by treating all solvent molecules 
in the fnt solvation shell explicitly. lo this section, however, we wish to make the 
poiot that continuum models need not be abandoned for treating such effec ts In 
fact continuum models have some significant advantages for such treatments.Just 
as they do for Rattog bulk electmstatcc effects 
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The key to tbe contiouum treatment of first solvatton^^hell effects is the 
concept of sclvent^accessible surface area, lolroduced by Lee aod Richards (63) 
aod Hermaon [64]. In a coolinuum treatnvent of the solvent, it )s useful to defioe a 
ooo^intejer '"niunber"' of solvent molecules ui the firu solvation shell so that )n 
some sense this conunuous number simulates the average of the loieger number of 
discrete nwleculea in the fir^t solvation shell jo a ireatmnt with exphol solvent 
molecules If we )magjr>e a conttouous (iry hydration shell and pass a 
bypentucface through tbe middle of the shell, then tbe simplest assujnpnon is that 
the average oumber of solvent molecules in the firat solvation shell is proponjoeal 
to the area of ibis hypecsurface. This area is called the solvent^accessible surface 
area A Other possible dcfiojtions of molecular surface area do not have this 
jntecpretation |l^) Because dse surface tensions are empirical they can make up 
for iMoy flaws lo the nvodel For example, sinuilatioos have sbowo th^t due to 
the dominaoce of water^water hydrogen bonding, hydrophobic crevices are r>oi 
accessed by the solvent as mucb as would be predicted by the calculated solved^ 
accessible surface areas Eoviroomeot^depeodeol surface tecsions cao and do 
make up for such deRaer>Cie$ jn tbe model jn an average way (139) 

Sirsce maoy of the efTecis that need lo be added to tbe bulk elecwstatics 
are localized in tbe first solvation shell acd sir>ce tbe solvent^accesstble surface 
aroa is proportiocal to tbe number of solvent molecules in the first solvatioc shell, 
u IS reasonable to assume th^t the component of the free energy of solvadon. 

IS proportional to tbe solvecuaccessible surface areiL A critical refinemecl of thts 
idea IS the recognition that the contnbudon per solvent molecule of the firU* 
solvaticm shell in contact with or>e kir>d of aiom is different from that in contact 
with ancKber kind of solute aiom If we divide the local surface envirocmecl of a 
solute into several types of region. Q ^ 1.3. ... 4e.g . Ci s l might denrne amine— 
like nitrogen surface. H ^ 2 might decote nitrile^Iike nitrogec surfaces. It s 3 
might decote the surface of caibrmyl oxygens, etc 1. and if we partition A into 
parts associated with the various ecvironments of type Ci. then it is even more 
reasonable to write 

(53) 

a 

where each is some proportionality constant with unttK of surface tension. 

Although entropy cannot be stiictly localized, some contributing factors lo 
the solvent entropy chaege induced by the solute are localized in tbe Rrv solvent 
shell, and contnbuUons to the entropy of mixing that are proportional to the 
number of solvent molecules in the Rrsx solvation shell might sometimes 
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dominate well In a^ses^ing ^uch eorropic effects therv ha^ been 

considerable attention paid to tbe effects of 6^ze aod shape. A nice overview of the 
current statue of our understanding in thit area, aloog w)ih further ongioaJ 
contributioos^ bas been provided by Osao and Dili 1I40J. Pmni a more entpcricai 
staodpomt we expect thai these size effects, if ar>d wheo preseot^ may well scaJe 
with solvenUaccetsible surface area |)4)) 

Clearly, since it includes so maoy effects (see above). 0^ can be positive 
or negative, .^ometirrvet one effect will dominate, e.g . dispertioo or solvent 
structural chaoge If the are determined empirically, they can also make up for 
fuodamcntal limitatioos of tbe bulk electrostatic treatment (such as the 
intnnsicaJly uncertato location of the solute/bulk boundary aod alto for systematic 
errors in the necessarily approximate mcdel used for the solute 

We summarise this sectioo by emfAasiiing that we have identifted a host 
of effects, aod we have seeo that they are majnly sboct^range effects that are 
primarily associated with tbe Rrst solvation diell A reasonable way to model 
these effects quantitatively is to assume they are proponiooaJ to the number of 
solvent molecules in tbe first hydratioo shell with eovironment^dependent 
proportionality constants. 

Some workers have attempted to treat particular effects more rigorously, 
eg., by scaled^partlcle theory (142) or by exlendiog |9j. 10^) Linder's theory 
(143) of dispersioo interactions to the case of an SCRP treatment of solute* solved 
interactiocs We will not review these approaches here 

Finally, we note that we base mostly limited attentioc so far to the self* 
consisted reaction field limit of d>^namical solvent polanaatioru which is die ocly 
one that has been generally implemented (see next Section) Nevertheless, there 
are problems where the solute*solved dynamical correlation must be cocsidered. 
and we will address that topic in Section ^ 

} Implementation^i 

As reviewed above, when a solute is placed In a dielectric medium, it electrically 
polariies that mediucru The polarized medium produces a local electrostatic Reid 
at the she of tbe solute, this Reid polarises the solute and tbe polarized solute 
ideracts with tbe polanzed medium. Tbe interaction is typically too large to be 
treated by perturbation theory, acd some sort of self<onsistent treatment of 
polarized solute and polanzed medium Is more appropriate At this point several 
optiocs presed themselves It promotes orderly discussion to classify these 
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opuonk bul becdus^ tbm irt cnsny a^pecl^ ooe nced^ ^ever^ cla^siRcaiioo 
elemeols The elements ai>d (he popuLir choices m &s follows: 

E How to treat the electrostatics (£): 

EA NumericaJ or aoalytic sctulion of the classical electrostatic 
problem (e g « Poisson e<^ua(io(t) with homogerseous 
dielectric cortstaol for solveru 

A rrvodel solution to (he electrostatic problem^ e.g « the 
OeneraJized Boro Approtimation or a conductor^hke 
screening solution. 

EC. Electrostatics treated empirically, without referersce to solute 
charge distribution 

S Whai shape (S) to assume for the boundary between the solvent. 

considered as a continuum, and the solute 

S^A Tailing accouol of molecular shape, e g.. treating the solute as 
a set of atoni<entered spheres 

S«B Treating the solute as an ellipsoid. 

S^. Treating the solute as a sphere. 

L. At wbai level {£) to r?>odel the solute 

EA With polarizable charges obtained by an approximate 
t^uaoUim mechanical methcd including electron correlation or 
by a Class fV charge nvodel 

EB With polarizable charges obtaioed b>^ tbe ab initio Hartree^ 
Pock rr^ethod. 

EC With polanzable charges obtained by sermempiricaJ 
rrvolecular orbital theory. 

L«D With polarizable charges obtaioed by A. B. or C combined 
with a truocated multipole eapansioo. including mulupole 
moments up to some predetermirsed cutoff /. where I > ) but 
not rsecessarily large enough for convergersce 

L-E Eke D bul with only ! ^ 0 and/or 1 

EF. By n on « polarizable charges, e g.. as might be used in a 
molecular mechanics calculation or an unpolarized charge 
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density on d grid 4Us6 of non^polarixriik dipole nwrivent^^ 
i c.. pemuuient r^tber duui permanent plu^ )r>diiced« would 
lit to here ) 

N. Whether to augrwol 0>e elecuostadcs tecma by ao esumate of non* 

electroauoc (N) contributeont: 

N*A Yea^ locloding empmcal elerrmts to make up for the 
approximate char^ter of tbe ekeetrottatiot at well a& lo 
loclude otber kientcfiiible effects. 

N^B Yes. treating one or more ooo*electroslat)c interaclioru non* 
emptricaJIy. 

Yes. by a aiogle linear ftincdon of rmlecular surface area. 

N*D Na 

Altbougb tbe list of choices js lengthy, we should also note some choices 
thai arc nof present. With regard lo the electroslaLc {£) elenvent. all nwxlels 
currentl}^ in gersecaJ use assume a honvogeneous dielecmc coostant for the solveot 
thereby neglecttog poss^le dtelectnc saturation to Ihe first solvaiioo shell and 
also oeglecong the fact that solvent molecules near to the solute have diftereol 
properties (average dipole nsomenu polariaabiliry. geometry, size. ar>d hence 
dielectric coostant) lhao bulk solvent nwlecules (Note, though, that Hosbi 1 144] 
and Tomasi and co*workers |I4S*I4S) have dtscussed aJgonthcruc 
implemeruadorts of an mbomogeneous d^lecsnc conttouum in SCRP nsodels. aod 
note also tbai both dielectric saiuraiion aod the unique properties of the solvent 
molecules in the fcrst solvation dsell are included in models that make choice A 
for element With regard to the shape iS} elensent. all choices assume a well 
dcriocd discontinuous change of dielectric properties al a lixcd. sharp 
sohilfi/sclvent boundary In reality of course, this boursdary is a fluctuating Rnite* 
width boursdar)* With regard to the level (£) elcnseou tve oote tbai the ideal 

choice of *by cooverged quantum nsechaoics'" is missing for reasons of 
procticality. The missing choices have an important coosequence for which 
combinutions of the other choices seem most suitable. For example, one asks 
given diat the assumption of homogeneous dielectric constant the assumption of a 
rigid, sharp solule/scivent boundary, tbe assumption of ao approximate solute 
wave function, and die neglecl of solule*solvent exchange reputsioo all toUDduce 
sigoificaol approximations into the electrostatics, is ii still worthwhile to solve the 
Poissco equation numerically, or would ao approximate solution introduce errors 
smaller than those already loevltably present? Different workers have answered 
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such questions differently We believe ♦ in fact« that more thw one aru^er to tueb 
que^liooa is justiR^ble. and there is room in the computational toolbox for more 
than one tocL widi the beu choice depeodtog on ihe application 

Tables I ai>d 2 pmvide a list of recently proposed solvation rrwxlels ai>d 
classiRes them according to the above scheme. For convenieoce. each row of tbe 
t^le is given a label In some cases the label is based on a well established came 
or acronym 4e.g . PCM. SKlr). or an acronym to be used in this chapter The 
acronyiTtf to be used to labels are as follows: 



SCME 


s)ngle<enter multipole expartsion 




1X> 


dipole ooly (SCME with 1 i 1) 




DME 


distributed muhipole expansion 




k:m 


polarized continuum mcdel 




HE 


Poisson equation (direct solution in 


physical space) 


GB 


generalized Bom (approomation) 




COSMO 


conductor^hke screening model 




OCOSMO 


generalized COSMO 




/ST Of /SA 


plus surface tensions 




SA.SA 


sc Iven Inaccessible surface area 




TBS 


truocated basis set 




.SMs 


Solvatioo model X (a name we give 
parameterized OB/ST models) 


to our owe 


AMlaq 


Austin mcdel 1 aqueous 





)n other cases we base the label on the authors trudals Next we corrunent on the 
methods io the tables and some aspects of the issues they raise 

The oldest methods are based on multipole expansioos because diese 
rrvethods have been arouod for a long lime. ar>d because they leod therrtfelves to 
appealing analytical soluticms if furdier approximauoos are made they have 
developed a htstocy of sorr>etimes bong used with add)dor\ai unrealistic 
assumptioos The two mosi importaot of these further assumptions are tniocaiing 
the multipole expansion at the dipole term (DO) and replacing die solute cavity by 
a sphere or ellipsoid We now recogoae. though, that these further 
approx tmaiiorts are usually unwarranted, iodeed. we recommend that methods 
employing either or both of these approximadorts should be avoided for senous 
work. 




C0imNU\ib1 iOCVAllOM MOCCL^ 



B 



Table i 

Coolinuum modeK on ekccrostatics ooly 



Elemenu 



Ubel 


Authors 


Reference(») 


E 


s 


L 


V 


Models wt± S^h.C. ajid/or I « D. E 
PEl Honig group 


(149-151) 


A 


A 


F 


D 


PE2 


Ra^hio 


(152) 


A 


A 


F 


D 


PEI 


McCamriKm group 


(153J 


A 


A 


F 


D 


PE4 


Lirru Charu Tole 


(154) 


A 


A 


F 


D 


DO 


Kirtiwood^ On^ager 


(61. 155) 


A 


c 


F 


D 


DOI 


Tapi& Oosciruki 


(91) 


A 


c 


E 


D 


D02 


.^cafrao« Karel^on^ Katntaky. Zcmtr 


(156. 157) 


A 


c 


E 


D 


D03 


Wong, Wibcfg, Fri$ch 


(99.158) 


A 


c 


E 


D 


D04 


Freitas, Longo, Sima^ 


(159) 


A 


c 


E 


D 


D05 


Adamo^ L^Ij 


(IfiO) 


A 


c 


E 


D 


GBI 


Tucker, Tnihlar 


(161) 


B 


A 


F 


D 


JiCME 


Kirkwood, Oosager 


(61,155) 


A 


c 


F 


D 


SCMEl 


Rival], Kin£Jdi 


(88) 


A 


c 


D 


D 


.'4CME2 


Rival], Terryn 


(162. 165) 


A 


B 


D 


D 


SCMEl 


Cbipot Rioaldi Rivail 


(IW) 


A 


B 


D 


D 


SCME4 


D)]let RinaJd. Rivaii 


(164. 165) 


A 


A 


D 


D 


SCMEl 


Mikkelsen ci al. 


(95. )06) 


A 


c 


D 


D 


SCME6 


Ford, Wang 


(I66J 


A 


B 


D 


D 


SCME7 


Pappaliudo, Reguero, Robb, Frisch 


(16?) 


A 


B 


D 


D 


DME 


Huron, ClaverW 


(168) 


A 


c 


F 


D 


DMEI 


Friedman 


(169) 


A 


c 


D 


D 


DME2 


G^len, Sap^e 


(170) 


A 


B 


F 


D 


DME3 


Karla tram 


(1711 


A 


c 


B 


D 


DME4 


Kare]aoru Tamm. Zerrver 


(172J 


A 


c 


c 


D 


TBS 


Kirru Qiaoco, Gertoer Hynea 


(175, 174) 


B 


c 


F 


D 
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TABLE I (coAtioued) 

Coolinuum models bsi^ on eiectro^tatictv ofiiy. 



EleniefUs 



Label 


Autbocs 


Befererwt^s) 


E 


s 


L 


s 


Modch wfth tifitnincatecL polarizable charge distnbuUoos aod shape scnsiliviry 




KM 


Miertua^ Scrocco^ Toma^i 


tl?5l 


A 


A 


B 


D 


k:m2 


Hoshi el al 


(144.176, 177] A 


A 


c 


D 


PCM3 


Ford aod Waog 


(178.1791 


A 


A 


c 


D 


k:m4 


FoA« Kosch« 2auKar 


(180. 181] 


A 


A 


c 


D 


KMi 


Negre^ Orozco^ L4iqoe 


(181 183] 


A 


A 


c 


D 


PCM5 


Rasbin Bukalin Aodzelm^ Hiigker 


(184] 


A 


A 


A 


D 


PE4 


Baldridge^ Firie« Hagter 


(185] 


A 


A 


A 


D 


PE$ 


Cheo« NoodCcman. Case« Ba^hfonl 


(186] 


A 


A 


A 


D 


GB2 


Fenriiejordi 


tl87] 


h 


A 


c 


D 


OfiS 


Koxaki« Monha^i^ Kikuchi 


(188,189] 


& 


A 


c 


0 


DME5 


Tap)& Coloona. Arigyan 


(112] 


A 


A 


B 


D 


DME6 


DilleU Kinatdi. Agyiru Rivail 


(164] 


A 


A 


A 


D 


COSMO 


Klamt Schuunnaon 


(190] 


B 


A 


c 


1> 
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Table ii 

Cl^^^^fication of contimiuJTi models that ijiclode both elecrroslaiic ai>d non* 
ekcuostatic cooinbiitioos 

EleiTwitt& 

Late] Audior^ k£feref>ce4s) E S L N 



Models With B. C and/orl « F 



SASA 


Hermann 


(64) 


c 


A 


F 


A 


SASAl 


Eisenterg 


(191) 


c 


A 


F 


A 


SASA2 


Ooi. OobataLe. N^methy. Scherap 


(192) 


c 


A 


F 


A 


GB/SA 


.SOI) et al 


im 


B 


A 


P 


c 


JMTM&RCR 


Rinaldi. Costa CabraJ. Rivail 


[194] 


A 


B 


D 


B 


SCME/RRR 


Rivail. Rinaldi, and Ruiz*Ldpez 


(951 


A 


A 


1> 


B 


i»CME;VGHiJ 


YotiAg. Creen. Hillier. Burton 


[195] 


A 


B 


1> 


A 


.'MrME/TSiJ 


Tundn. SUla. Bemn 


[196] 


A 


B 


1> 


A 


DM&ST/LCCP 


Langlet Claverie. Caillet. Fdlmafi 


[197] 


A 


A 


b 


B 


DME^ST/SK 


Saio. Kato 


[198] 


A 


c 


B 


B 


PCM? 


Fujisioia and Niiar 


[199] 


A 


A 


F 


c 


PCMK 


Vamek et aJ. 


(200) 


A 


A 


F 


A 


KH 


Karistrom and Halle 


(2011 


B 


c 


D 


B 


BCN 


Bazilevsky. Omdinov. Newton 


(1101 


B 


c 


c 


B 


MoteU With ujitnjf>cated polanzable chiirgo distributions ai>d shape senshivicy 




PCM/ST/PTP 


Ploris. Tomast aod RazcuaJ*Ahuir 


(202. 203] 


A 


A 


B 


B 


PCM/ST/OaT 


Olivares del VaJle. Aguilar. Tocoazi 


(97. 103. 104] 


A 


A 


A 


B 


PCM/ST/YGHB 


Young. Oraeo. Hiilier. Bujton 


(195] 


A 


A 


B 


B 


PCM/ST/A 


Amovilli 


(204) 


A 


A 


B 


B 


PCM9/ST 


Badis. L4iqoe. aod Orozco 


(2051 


A 


A 


B 


A 


PCMIii/ST 


Oroxco. L4ique. coworfeers 


(205-209] 


A 


A 


c 


A 


GB/ST/SMl -.1 1 


Cramer and Tmhlar 


(210-2151 


B 


A 


c 


A 


GB/.m'4M445 


Cramer and Truhlar 


[213.216-218] 


B 


A 


A 


A 


PCM/1> 


Rauhut. Clari. Steinke 


(219] 


A 


A 


c 


B 


PE/ST/FGH 


Fnesoer. Goddard. Krmig 


(220] 


A 


A 


A 


c 


AM)«q 


IXaon. LeonanL Hehre 


(221] 


B 


A 


c 


A 


GCOSMO 


Tnjoog and Stelanovicb 


(221 223] 


B 


A 


A 


c 
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(f xbt cdv)ty IS r>oi sunplified and icm^ an added to the muldpoie 
expan^imi ujitil it converje^;^ the mult it exact ai>d none of tbe unphyucai 
cooset]uef>ces of a tnjf>cated muldpoie eapaouon remajn Ooe difficulty wicb tbis 
approach though is that the multipole senes it not necessanly convergent at scnaJI 
djstancet. A sccotkI is that for large moleculet, a single<enter expartston is a very 
unnatur^ way to represent die electrattaiics tven very small molecules may 
require large numbers of termt m tbe mulupole expantioo to conv e r ge it For 
example^ a treatment of electron tcattenog by acerylene that employed a tingle^ 
center mulupole eapansioo contained terms with f up to 44 in ao attempt to 
converge the anisotrop)^ of the electrottatict |324). 

One way around tbe tlow conver^nce of siogle<enter expantioos is a 
muhKenter multipole expansion |225«229|. Several workers have explored the 
utility of DME within tbe SCkF framework (III 164. I7l) Of course, when the 
multipoles do not reside at atomic positions, it is clear that calculation of such 
quantities as aoalytic energy derivatives will become more difficult 

Alternatively or>e can avoid multipole expansions altogether There are 
two main approaches in use for solving the elecrrosiaoc problem without a 
muldpoie expaosion One of these solves tbe Poisson equation in terms of virtual 
charges on the surface of tbe primary subsystem This is usually called the 
polanxed crmtinuum model <PCM) in quantum chemistry althrmgh it is called a 
tcuodary element method in die numerical analysis literature Tbe second 
approach solves the Poisson equation directly lo the volume of tbe solvent, e g . 
by finite differences The Utter approach will be called a Poisson equation (PE) 
approach. We should keep in mini however, that SOME. DME. PCM. and PE 
metbcds will all lead to (die same) accurate electrostatics if tbe numerical 
methods are taken to coovergence aod there is oo difference due to the haodling of 
other ^details One such detail that might be menooned is charge penetratioo 
outside die cavhy By construction in the PCM model, the small amount of 
electronic density outside the cavity is elirrunated ^m the surface charge 
computauons and as a result the sohile bear^ a very small charge. Tomasi has 
emphasized die need to correct for this {dienomenon (T9), but his approach has yet 
to bt adopted by other groups doiog PCM calculattons. 

As mentioned above, the PCM is based on representing the electric 
polarization of die dielectric medium surrounding tbe solute by a polarization 
charge deosity at the solula/solvent boundary. This solvent polarization charge 
polarizes tbe solute, and the solute and solvent polarizations are obtaioed self« 
consistently by oumencal solution of die Poisson equation with boundary 
conditioos on tbe solute^solveol interface The ^e energy of solvaiioo Is obtaioed 
from the interaetioo betweeo the polarized solute charge distribution aod the self^ 
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cmi^)stent chvge dutfibutkm The physics u the sw^e for ihe PCM 

af>d PE approaches land for the fully converged or DMEn for that matter) 

although the oucnerical methoda aie ditTercnl 

The oext qtiettioo lo be discutsed was already mcntiooed in Section 2 
najoely^ since the electroslaUc problem with its tharp boundary and ils 
homogenemis solvent dieleclnc coostant^ already represents a somewhat 
unrealistic idealizatirvi of the true molecular srtuaiion^ how important is il to solve 
that problem by exact electroslaiics"^ We would aoswer that this is not essential 
Although It presumably can't hurt lo solve tbe electrostatics accurately^ except 
perhaps by raisiog the computer time« it may bt unnecessary to do so in order lo 
represent tbe most essendal physics^ ar>d a simpler model may bt more 
manageable^ more numerically stable^ and eveo more interprelable This is the 
mottvaUoo itt the GB approxtmaiion ar>d COSMO. 

GB-hke approximaiioos (41. Tl. 119. 161. IS?. 1S9. may be 

derived from eq (I) by using the concept of dielectric energy dertstty. as in tbe 
work of Bucher and Porter (ISO). Ehrensoo |l3l). ar>d Sebaefer ar>d Froemmet 
(2M). As the GB methodology has been eilensively reviewed to tbe recent past 
(Si. S3. 213). we coofine our presentation to a very brief discussion of the key 
aspects of tbe theory. The polaruaboo free eoer^ in the GB model is defined as 

Gp(aq) s -r (1--) 2! 

i « fci' 

where t is the solvent dielecsic constant, q is tbe rtet atomic charge, k labels an 
atomic center, aod is a coulomb integral, which in atomte units is the 
reciprocal of an effecuve radius (monatomic diagonal terms) or effecuve distance 
(djaiorruc ofl^iagonaJ lerms) The descreening of iodividuaJ parts of tbe solute 
from the dielectric by other parts of tbe solute Is accounted for in these effecuve 
quantities. In particular, in our work we use an empirical functional form for y that 
was proposed by Still el ai for tbeir CB/SA mt^I (193). The present authors 
modtRed that form in several ways, tecluding making it a function of atomic 
partial charges, in the developmeel of the SMI |2l0]. SMIa (210). SM2 (211). 
.9M2.I (214). SM2 2 (215). SM3 (212). SM3.1 (214). and SM4 (213. 216. 217) 
GB/ST solvadon models The SM5 solvation model (2l9) further modifies y so 
that It nuiy be expressed purely as a function of geometry, i.e . It has no explicit 
dependence on elements of the density mainx. thereby facilitating tbe calculaboe 
of analytic energy denvattves The SM4 and SMS sclvabon models are based on 
Class IV charge models (23SJ. which provide the best available estirruites of 
partial charges tor ekccostatics calculations. 
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The af>d k term^ are then obtauied froni tbe density matnx P of the 

aqiiecu^^phA^ SCP calculAOon as 

*30^? “tI Pttv(Huy + Fnv)*:7 I (55) 

2|.. " ' • ^ 'kk’ 

^beee H aod F are respecDvely the one^Iectroo and Pock matriceSy |i ai>d V run 
over vabence atomic orbilaJs^ and 2^ h the vaJer>ce nuclear charge of atom k 
^ equal lo tbe nuclear change miout the number of core electrons) When die net 
atomic charge f in equation 54 is de t e r mioed by MuiUken aoaJysis of the 
wave hinclioru the Peck maim is simply given by (7U 210^236) 

^UV* S<Zt*-PuK)Vkk^ (56) 

IVefc' 

where i^ the Kronecker delta function This approach wa^ used in the SMl^ 
y^Mla. SM2. and solvation modeK The SM4 aJkaoe models |2l& 217) an 
interim SM4 waier model specific for selected klods of (CyHyO) compounds 
[2]3X and SMi models^ oo tbe other hand, use Class IV Charge Model I <CM1) 
partial aiorruc charges (213. 23j]y which provide a more accurw representation 
of the electronic structure. This renders eq S6 somewhat more complex (216). but 
does not chaoge its basic form. In all SMr models^ the density matrix is 
determined self^consistently in the presence of solvent 

Values of calculated from the GB approximation compare well to 

values obtained from oumencal solutioo of the Poisson equation for similar 
collections of point charges (83.257.23S) A very promising extensioo of the OB 
metbods is provided by a new scaled pairwise approximaiioo to the dielectric 
screeniog integrals (215) 

The CO^MO method is a solution of tbe Poissco equaiioo desigoed 
primaaly for the case of very high a (1W]« It takes advanUgc of ao analytic 
solution for the case of a conductor tt s The difference between 41«r) for the 
case of a s 80 and t s «*is ooly I 3%. so this is a goed approximation for water 
Its use for the treatment of noopolar solvents with a w 2 depernls on further 
approximations which bave oot yet been sufficiently tested to permit an 
evaluation of tbeir efficacy 

Finally we address the issue of cootnbutioos lo our view it is unbalanced 
tc concentrate on a converged treaimeot of electrostatics but to igr>ore other 
effec ts As discussed lo secOoo 2.2. first^sclvation^shell effects may be included 
ui continuum rrxidels in terms of surface tensions. An alteroaiive way to rry to 
toclude some of tbem is by scaled particle theory aod^ by some oh iafffo theory 
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of dispersion Table 2 summartxe^ contimiuJTi nxideK tbai attempt to treat both 
elecimtauc and Rru^sclvation^shell effects. 

ScfM models carry the surface tension approach to extrem. and anempt 
to include even the electrosuuc contributions ui tbe surface tensions. These pure 
SaSA models are obviously limited lo tbeir ability to aecmint for such 
phenomenon as dielectric screening, but they have the vrrtue of being very easy to 
compute Thus, they can be used to augment molecular mecbanics calculatioos on 
very large molecules arith a qualitative aecminting for solvation 

Also within tbe molecular rrmhanics framework: xs the molecular^ 
mechanics-type OB/SA model of Still et al (19)) In tbs lostance. the 
ekecrrostatics are handled by a Geoerahaed Bon model, but the atcvnic charges 
are parametric They are chosen in such a way that Still et al assign ooly a single 
surface tensicm to the entire molecular solvent-accessible surface area, this is also 
dorse lo the BE/ST/FGK and PCM 10 models All these authors rationalize this by 
calling tbe ST part a hydrophobic term, but it is clear thai other non<lectrostatic 
effects must then be being absorbed into the cavity paran^etenzatirm ar>d. lo Still 
el afs MM case, possibly into the partial atomic charges. 

Many groups have choseo to speciRcally calculaie cavitation andAir 
dispersion terms. The former typically are computed by tbe scaled panicle theory, 
following Pierotti |I42). while several different approaches have been formulated 
for the latter. Ultimately, hrswever. there are rson^Iectrostadc compooents of the 
solvation free energy rematning that do not lend thenttelves to ready analysts. 
Bearing diat in mind, it is not clear that there xs much potol in spending resources 
calculating any one non^Iectrostatic compooent more rigorously than the others. 
Thus, the most geoeral approach is to parametenze al! non-^leclrostatxc effects 
into atomic surface tensions <sc as to reproduce ezperxmeruaJ free energies of 
solvatxon after the electrostatic components have beeo removed) This is the 
philosriphy guiding the SMv AMlaq. PCM9/ST. PCM I (VST. and SCMETfSB 
models and an increasiog number of wortcerr appear tr> be moving in this 
direction. 



4 Solvation effects on et|uilihriuni properties 

As discussed in Sectioo 2. ooe key assumption of reactioo field models is that the 
polariaatioo field of tbe solvent is fully equilibrated widi the solute. Sucb a 
situation IS most likely to occur when the solute is a long-lived, stable molecular 
structure, e.g.. the electronic ground state for some local mloimum on a Bom- 
Oppeohetmer potential energy surftee. As a result, cootinuum solvation models 
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ba5;nl on reacliofi fields dwold Ik cspeciiJIv useful for Hk predicoon of solvent 
effects on equilibnum consunu. 

E^ulibria nuiv take i fuunber of fonos— constitutional. uulonKrk^ 
confonnattonaL etc Fcx 9ny cqdlibnum paobJcfo in soJuDon^ one loa) consider 
the free energy cycle depicled in the Rstue below, where A and B label different 
rrxriecules or different isomers of 4 k saoie roolecule^ depending on ihe type of 
e^ilibrium The scheme below shows that Ihe free energy change for a reaction 
or tautoroenaaoon oo gnng from the gas phase into soJuDon it equal to the 
difference in Ihe free energies of solvation of the initial and final species (the 
figure depicts a uniroolecular reacoon. but this slatement is cue ui the general 
case) 




AG^aq = AC°g + AC°s(B) - AcT’sCA) 

ToiUomerK equilibria involviog popuJatioos of isomers that dilfer by tend 
conoecevity are of special inlerett tor (he study of solvent elfecls^ and such 
equilibria involving heterccycles have proven to be a favorile lettuig ground for 
developers of conJinuuoi solvation owdels For protomenc heterccydic equilibria^ 
ihis is at least partly due to the very large changes in one-eleclron pn^erues <eg« 
the dipole moment) that affect the solvaoon free energy when the proton 
substicuDon pattern changes 

In this seccon we will consider orJy equilibria in which Ihc number of 
molet of solute does not change In such cases the poptJation of a given 
contributor to the equilibrium may be calculated by using a standard Boltzmann 
formalism^ ie« the froclion of species A is 
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wKm G may be either a ga<^ phase or a sclutim vaJoe« and the sum over B nuis 
over aJ] equilibnum coolnbutm In belo^ discussion we will lake %(A) ■ 100 
F\A). When free energies )n both the gas phase and in scluUon are available^ or>e 
may cakculaie \2i9] the absolute free er>erg}^ of solvatioru AC 3 * as 
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where the sums over both B aod A mn over alt contributors 

This sectioo wtll focus 00 the applKaiioo of dielectric continuum rrvodels 
to equilibria like those described above A special effort will be made to highlight 
invesugatior^s that compared two or more solvathm models. We emphasize that 
some care must be taken to d)sOogu)sh the degree to which different contiouum 
rrwxlels have beer) extended to accouol for ooo«etectrosiat)c effects. sir>ce these 
effects may cerlajr)ly play a large role in some of the equilibria ur>der discussion 
Those continuum models that consider only electrostatics are of limited 
applicability uoless non^Iectrostatic effects cancel for all equilibrium 
corunbulors 

We w)]] begin with a discussioo of reaction equilibria^ including acid^base 
reactioos and more complex bond^malung^ond^breaking reactioos We will then 
move on to tautomeric equilibria. We note that Keichardt (240) has provided a 
thorough compilation of many equilibria, iocluding most of those discussed 
below, where solved effects had been studied experimentally and/or using some 
theoretical model, as of 1990. On the dieoretical side, ai least, the number of 
systems studied has greatly expanded since Iheo.. Whereas Keichardl summarizes 
the use of linear free energy relationships for predicting such equilibria, a large 
amount of the reced work u based on SCRP models 



4 I REACTION EQUILIBRIA 

As ooe might expect, reactions that creaie. destroy, or separate charge tend to 
exhibit very large solvaiioo effects The most common examples of such reactions 
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dre Br0osted acid^bss^ equ)lcbn& A particularly ^tnkiog example t% available for 
(he special case of M^n^o/ aod^base pmton irarsfer, wb)ch is also a special 
case of a tautorr^c equihbnum Thi^ occurs, for example, when amioo acids an 
placed in water Several contlouum rrwxleluig studies have focused oo this 
equilibrium for jlycijse. and they are sumrisanaed lo sectioo 4 I 1 Intermolecular 
proloo transfers have also been tbe subject of several studies particularly truisfss 
bettveeo arrune bases, these ijivesugatioos are descabed m sectiort 4 ) 2 

4./ / /aCTjeio^ecv/^ pwcn trMsf^r 




1 2 



At biolojical pH. glycirse exists exclusively in its awitleriortic form 2 (241). 
whereas in the {as |Aase. ortly the r>orwrwiitenrviic species 1 is observed (242) Irt 
the abseoce of solvation, tbe rwirtenoo is not a siaLonary point, but mstead 
undergoes spoolaMous proton transfer back lo the neutral f orm In ao earl>^ study. 
Booaccorsi et al (243). using the PCM nxidel. showed tbai a cooUnuum solvation 
model can accrmnt for the stability of the xwrnerion in aqueous solutioo Aldirmgh 
they made some comparison to the experimental enthalpy for the transfer of 1 
from the gas phase to 2 in aqueous solution («I9 2 ± I kcal/mol) (244). tbis 
particular study emphasized tbe sensitivity of the computational results to solute 
gecmetnes (many of those discussed were unopttrruzed). basts set. and cavity 
size. Thus, the calculated gas^phase proton transfer energy raoges from 20 to 40 
kcal/nvol at the HPM^.IIO |245] level to to ^ kcal/mol at the HP7.^T(V30 
level liferent prescriptions for choosing the zwinenon cavity yielded solvaiioo 
free energies varying from ^36 2kcal/mol to ^S7. 3 kcal/mol Since the rwittenoo 
IS not stationary in tbe gas phase the expenmeotal enthalpy of traosfer cited 
above canoot be separated into proton transfer and solvation components (and the 
eotropic aspects are similarly unclear, mafctog companscn to reactioo field free 
eoergies results difficult). Hehre et al (246) used tbe AM1-SM2 model to study 
the solvation of oeutral aod zwiitenonic glyctoe. and fouod the rwittenooic form 
to be better solvated by 25 kcal/mol in aqueous solutioo Adding tbis differential 
free energy of solvation to the relative gas jAase free energy difference (using a 
frozeo rwittenoo geometry) of 1?.8 kcalMioI favoring the neutral form at the 
H^3«2l4Ci level, diey predict the rwittenoo to be tbe preferred form in aqueous 
solution by 7 6 koat/mol. 
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4 ! 2 Iw^rm oltcvlar prctOA trcftiftr 

In tbe jas pha^« ^impk depmon^non^ l£f>d lo te barrieHeaa reactions leadinj to 
A higlxnergy s^acaiAd proloo aod ao)on« bul scIvaLoo cun change tbe situation 
eveo quaJitalively Pietro has emphasiaed the pedagogjcaj utihry of employing a 
coolinuum solvation model iin this case ihe SMI model) m a computational study 
on (he deproiooaLoo of nttromethane (247) When reaction field caJculations are 
used to calculate standard slate free energies of coojugate acids and base^ in 
solution^ this pecmils direct caJculaUon of the acid dissociatioo coostant (pKa) 
Such calculatims of the absolute pKa are nmnously difTicult^ since very high 
levels of theory are required lo accurately calculate the gasf hase componeot of 
proton affintties and sirsce solvadon energies of ioru are very large« so that even 
relative errm to solvadon ersergies can be targe on ao absolute scale. As a result, 
most methoda tor predictiog pK« valuer ler>d to be empirical in nature |248«250) 
A simpler alternative lo calculaboru of ^solute pK^s xs to examine trends in pK« 
values for related molecules. In this vein. Rajasekaran et al (25 1 J have used the 
Unite difTereoce Poisson^Bolonarui method to examine differences in pK^ vaJues 
for aliphauc dicarboaylic acids They idendfy the imponaoce of solvent screentog 
of charge-charge interactions; loteroaj to the solute. Urban et al. (252) have 
employed a simitar approach in exammiog the relative pKc values for phenol and 
crA^, mefo^, aod /^or^fluorophenok using die SM2 and SM^ quantum 
mechanical solvation models, and the physicaJIy similar molecular mechanics 
GB/SA model They noted in particular the importance of accounting for non* 
electrosiaxic hydrophobic interactions of the fluonne atom. The QM mcdels agree 
with experiment to within about I kcal/mol tor the effect of solvaiioo on the 
reladve pKa values The MM mcdel does similarly well when charges derived 
from fitting to the molecular electrostatic potential lESP) are employed. 

Other workers have coosidered proloo transfer reactions between difTerent 
bases and the effect of solvation on these processes. Tenyn aod Rivail (2S5). 
Galeca et al. (254). Pa.scual*Ahuir et aJ (255). Tundn et al (1S5]. and Young et al 
1195) have aJI focused on the ioleresting aqueous basicity trend of the senes 
ammooia. methylamine. dimelhylamine. and trimelhylamioe lo the gas (diase. it 
IS well established that the order of basictty for these amines is MeiN > Me^NH > 
MeNH: > NHj (257. 25S). This may be understood on the basts of simple 
polarix^ility arguments However, in aqueous solution the basicity ordering 
chaoges to MeNH:w MeiSH > MeiK w KH\|259). AU of these srudie^ iodicate 
that changes in basicity are dominated by the electrostatic component of the free 
energy of solvaxioo of the relevant ammonium ions. In aqueous scludon the 
smaJIer ions are better solvated, and as a result have lower free eoergies The^ 
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also emph£^^ce« however bow snaiiive the results are to cbocces of ba5)s 
6el£f>d cav)ly size lo parucular^ Youog elaJ [19S] compand an elitpscid^l cavity 
SCkF model witb multipole expan^icms of / s ] and I is t to tbe geoenlised^ 
cavHy PCM approach. The ellip^c^dal cavity model predicts considerably larger 
ditTenoOaJ solvation free energies between different members of the homologous 
amine senes than does the PCM model, but these differences tend to cancel so 
that both PCM aod the f a 6 expansion gave ^qualitatively correct answers (i.e. 
proper sign aod whhio about I pK«uo)t for &pK« oo going from the gas phase to 
aqueous solution). The / s | expansion, i.e.. an ellipsoidaJ Kirkwood-Onsager 
model, was less satisfartrvy. and did particularly poorly wheo comparing 
amriKinia and rr>ethylamir>e 

The present aulhon. using tise SMi senes of models, have crmsidered 
aqueous solvation effects on proton nosfer for these same amines, together with 
several other bases, and have arrived at similar conclusioos to those detailed 
above (83.336.260) 

Tundn et al. have considered the tover^ion of the alcohol acidity scale oo 
passing from the gas phase to solution |26l) They used gas^phase geon>etnes. the 
PCM method for electrostatics (with a radius for O of ) 6S A in the alcohol aod 
) 4 A io the conjugate base), aod separate estirrtates of dispersirm aod cavitation 
energies. They found that increastog the size of the alkyl group decreases the 
srdvation ersergy of the conjugate base in solution aod concluded that this is the 
primary source of the acidity order. 

Finally, studies of proton transfer reactioos in aqueous solution where an 
individual water rmlecule plays a role that dtstingutshes it from the bulk solveot 
have also recent!}^ appeared Rivail et aJ. (105. 262) have esamioed the water^ 
assisted lontzation of HP ar>d HCl in both nonpolar and polar solutions. Using a 
generalized muittpole reaction field method (with multipoles up to / s 6) wiihio an 
ellipsoidal cavity (to facilitate geometry opumizaiion). they cor>cluded that 
ionization of MCI requires the specific assistaoce of two water molecules, and that 
the resultaot catton is belter descnbed as HsOz^than as <K<P)»H?0 They also 
cor>ctuded that ionization of HP dees not proceed lo a polar coolinuum even with 
two explicit water molecules ir>cluded lo the cavity. This may be compared to a 
study by Aodo aod Hyoes (263) in which the bulk water solvent is treated oot 
withio the framework of a reaction field formalism, bsn instead is represented as a 
geoerelkzed scriveot coordinate (264). Tbe er>ergetics associated with tbe solvent 
ccKirdinate were determined from Monte Carlo simulatirms using explicit water 
molecules for various points along an assumed protoo transfer reaction path. 
Ando aod H>^r>es also ir>cluded two explicit water mrdecules in their quaotum 
rr>e<hanical treatment Their key conclusions were tiiat two proton irensfer steps 
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ocnjr MiiabaticaJly: the fir^t bas a nejlipble free eoer|y barrier and proceeds with 
sigr^^Rcant morion along the solvent coordir^ate (t e « solvent ^tnjcUiriiJ 
rearrangement )s rer]uired)« while tbe second free er>erg}^ banter t^ abrmt 0.9 
kcalfrr>o] and anse$ primarily from the requirement for nuclear reorgaoiaation of 
the rwo water molecules The free eoergy chaoge a^scctated with this ioruxadon 
was calculated to be -6 9 kcaL/moi (an esttmaie of-?5kcal/mol was offered that 
includes complete separation of tbe lont). whicb may be compared with the 
experimental looiaation free energy of to ^lOkcal/mol (265) Ar>do aod 
Hyoes' fiodiogt agree wrtb those of Rivail et al lo tbat die trantterred proton is 
associated about equally stroogly with both of the exphol water molecules; 
however Ando and Hyoes observe this to be tbe case onl>^ after inclusioo of cero 
potol vIbraOooaJ energy, while Rivail et al ftod only a stogie equilibaum 
structure in the appropriate regioo of the (CI*)^K302^ potential energy surface. 

4 2 TAUTOMERIC EQUILIBRIA 

A tautomeric equilibrium is a unimolecular equilibrium to which the various 
contributors differ based upoo bond conoectivlty. In the special case of a 
proiomertc tautomeric equilibrium they differ only io bow many protons are 
anacbed to each heavy atorru In-text ftgures throughout this section illustrate 
molecules for which multiple tautomers exixt When the molecules of interest are 
heterocyclev different tautomers may exhibit very large differences in electronic 
properties (266) lo particular, they may span a wide range of polarities That 
being the case, tautomeric equilibria can be quite sensitive to solvauon effects, 
and tbey have thus proven to be attractive testiog grounds for cootinuum solvadon 
models 

In a recent review (8)). the present autbors discussed tbe tautomeric 
equilibria of 24iydroxypyndine/2«pyndone and the S«(2f/^isoaaxolone system in 
crmsiderebte detail, focusing on the applicaiioo of several different condouum 
solvaiioo models. Tbe following presentation will be somewhat more broad in 
terms of tbe different equilibria discussed and will not recapitulate all of the 
analysis previously presented for die above two systems 

Section 4.2.1 will be devoted to heterocycles, sectioo 4.2.2 will cover 
other kiods of pr oto menc tautomeric equilibria (e.g.. enol/ketone. formic acid, 
fortruimidine. etc.), and section 4 2 3 will discuss an example of a nng/chaio 
tautomeric equilibrium The order of presentation will bt approximately by 
increasing molecular wetght withio each section A review by Kwiatkowski et al 
[267] covers work on formamide. pyndioes. pyrimidines, purtoes. aod nucletc 
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acid up lo I9S4. so for (he^c our focu^ will predonuoafitl}^ be oo 

more recent ijivestigaiioos 

We note one general point prior to addrets)n| individual systems. 
Computational ttudie^ aimed at ptovtding t^uaoUlaLve predictions of equitibnum 
popuIaUoos to solution must cccuratsfy predict fouilfree energies tn sohs6ofi In 
particular, if tbe theory employed involves calculating solvation free energies to 
be added lo a jas^phasc potenUaJ energy surface wrtb thermal rovibraiiortaJ eftecis 
included (and essentially aJI calculatioos in soluboo may be viewed as cortformlnj 
to this separation of components), then eitber the gas^pbase free eoergiee and the 
^e energies of solvation must both be calculated accurately, or errors in one part 
of the calculation must be offset by errors in the other. Clearly, the frvrrver 
situation is the more desirable Where possible, we will provide some analysis of 
the quality of the gas^phase portions of the following calculations av well 
Katurally. the point of the calculatioo is n>erely to provide qualitative 

indications of relative ^e energies of scivadon for difTerent tautomers. 
requirerr>ents on the accuracy of the levels of theory are less stringent 



4.3J H^€rocyclss 

This section ts divided ioto eight subsections, covering imidaaoles. pyrvoies. 
isctaaoles. otasoles. thaaoles. tenzoles. pyridines. aod pyrimidines, punnes. and 
nucleic acid bases respeebvely. 

4 2.1. 1 Imidazoles 




Two tautomeric equilibria have been considered for substttuled imidaaoles. thai 
betweeo 2«imida2olone 3 aod its 24iydroAylmida2ole lutomer 4 (26S) and also 
thai between the IH and %H tautomers of ^nttroimidazole. 6 and respectively 
(269. 270j. Karelscn et al. used the D02* model with a spherical cavity of 2 5 A 
radius aod found 2«trruda£olooe lo be better solvated than Its tautomer by 7.7 
kcat/nvol at the AMI level. fThc asterisk in indicates that the reaction Reid 
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was derived from solution of an incorrect non-linear Schrodioger equaiioo^ « 
not eq 30 1 157| lo the IX)2* nvodel a factor of 0 5 precedes the operator to 
eq 30: the result n reduced polanaatioo of the wave function )rr respoose to 
solvadorr ] AM I further predicts the gas phate eoer^ difference to favor the oxo 
tautorrver by about S kcal^rrwl. The observed tautorrver in soluboo the oso 
tautorrver (266J. 

Using the ^arr^ Oieoretical rrwxlek Karelson el aJ. (269) ar>d laier Kxepa et 
al |270| esamioed 4-o)innjnidazole The latter wort; corrected ir>corr>p]ete 
georwry optirruiaiiorts preseot in the fonrver ^ttidy lo this instaf>ce« AMI 
predicts 5 to be 1.4 kcal/mol lower in relattve energy than 6. However, the D02** 
r?K)del predicts the aqueous sotvattoo free ersergies to be ^26 3 and ^7 I kcaJ/mol 
for 6 aod respectively, rendering 6 considerably lower In ersergy than t in 
solution, which agrees with the esperimntaJ sttuabon 

It IS clear to both of these studies that the small cavity Mze (which falK to 
entirely cootain all of the atoritf given staodard van der WaaJs radii) causes 
electrostatic solvation free eoergies to be seriously overestlrr^aced— the differeoce 
m the 4-o)troijnldazole system seems much too large to be physically reasonable. 
This overestijnation would be stiil more severe were a correct DO model to have 
been used (le. ooe which accounted self-consistently for the full solute 
polarisation using eq 30). Nevertheless, the D02^ results may be considered 
quaJilabvely useful, to the extent th£t they ideolify trends io tautomer electrostatic 
solvation free energies 

One measure of the Inaccuracy associated with the small cavity radtus may 
be had from the calculations of Orozco et al |207). who also studied the 
4-o)tTDim)dazole system using the PCMS/ST mcdel The geoeral cavity in this 
case was cortstnicted from atorrwcentered spheres having typical van der Waals 
radii |207) At the AMl level the difTereolial electrostattc free eoergy of 
hydration Is predicted to be ooly 4. j kcal^mol: dils may be compared to the value 
18 2 kcal^mol noted above for the D02** model. Ormeo et al (207) also 
included firu-solvaboo-shell effects, which they found to favor 5 by ) 2 kcalAnol 
leading to a net dtffereoUal free energy io solution (AMI 4^ PCMS/ST) of 2.1 
kcal^mol 
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4.2 J 2 Pyracole^ 





Karelscfi <i aJ |36S) also the AMI D02^ metbod wKb a spherical cavity of 
2 5 a radius lo study uutomric erjujlibria )n the i* nf>d ^hydroxypyraxole 
system 7 9 and 10 12, respectively. Rzepa et al. (270) later corrected the results 
for incomplete geometry optimtzation io the latter heterocycle. Attbougb the 
obser^'ed (266] forms to aqueous solution are the oro tautomer t (i.e.. the 
pyruolone) in the Rrst case and the zwhterion 12 in tbe larter case, gas^phase 
AM I calcuIaUoos predict tbese tautomers to be much higher in relaUve ener^ 
than tbe corresponding hydroxy tautomers 7 and respectively In each case, it 
was found that the D02^ method successfully predicted the observed aqueous 
tautomer. Ho^vever. the 1^2* electrostatic solvanon free ersergy for I2 was 
predicted lo be ^57.3 kcal/moH As for the nttroimtdaeoie results discussed in tbe 
last section, this number is incredibly large, probably as a result of the small 
cavity radius chosen. Ho^vever. so large a solvation ^e energy was required in 
order to overcome a very uofavorable gas^phase eoergy predicted by AMI (abcut 
4C kcal/mol higher than the odier two tautomers) It seems likely that the AMI 
relative energy is inaccurate, given the expenmeotaJ situation and the very sroaJI 
likelihood of two tautomers differing in solvation free energy by so large an 
amount 

Ooe qualitative result of particular ioterest arises in tbe study of 
J^hydroxypyraaole 11>e electronic structure of the oxo tautomer 8 may be thought 
of as having hvo mescmeric (i e.. resooance) contributors 8a aod 8b, as illustrated 
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above. In the ga^ pha^. K^nlftco et aJ . uaiog the D02^ modol. fouixi (he 
bond leogtb io t uicreaied by 0.09S Aon gouig fnm the gas pha^e into a ^oluOoo 
With a dielectf ic constant t of 7S 4. u^icK ijnplie^ increased contrtbutioo from die 
zwitteriomc mesonier 

Parrhmeol et aJ (27]] have provided more recent calculations on (he 
hydjDaypyraaoie equilibrium at the ab initKi level They noted that tautomer 9^ 
vrbich wat not considered by Karelsoo el al (268). is the lotvest^nergy tautomer 
in (he gas phase at levels of (beory (including AM)) up to 
Mp4/6.:^]G**^//HF/3-2lG (271). Although S is the docninaot tautomer observed 
eipenmeotaJly in aqueous soluUoo. in the gas phase 8 is predicted to be nearly 9 
kcat/mol less stable than 9 at the MP4 level [271] Using a DO model wub an 
uopbysicalty small cavity radius of 2 5 A. Parchment et al. (22 1 ] were able to 
reproduce at the ab initio level the AMl-DO prediction of Karelson et aJ. (2681. 
namely that S is tbe rrwst stable tautomer in aqueous solution. With this caviry. 
(hough t IS predicted to be better solvated than 9 by -22 2kcal/mol [271] This 
result is inconsistent ^dtb molecular dynacrucs simulalsoos with explicit aqueous 
solvation (22 1 ] aod wrtb PCM and SOME calculations with more reasonable 
cavities (271). diese predict (hat 8 is only about \ kcalAnol better solvated than 9. 
In lurrunafy. the rrwst complete mcdels used by Parehnient et aJ do oot lead to 
agreement with experiment 

The comparisons made by Parchment et al [271] illustrate the importance 
of combioing electronic polartzation effects with corrections for spectlic solvation 
effects. The latter are accounted for parametrically by the explicit simulation, but 
that procedure cannot explicttly account for the greater polarizability of tautomer 
8. The various SCRK models do indicate 8 to be more polarizable than any of the 
other lautomeev but polaciaatjon alone is not sufficient to shift the equilibrium to 
diat expertmentally observed Were these two effects to be combined in a single 
tbeoreUcal model a more accurate prediction of the experimental equilibrium 
would be expected. 



4 2 1.3 Isoxazoles 
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Kftrdsofi e< ai (268) used the AMI IX>2^ method with a ^phencal cavity of 2.5 A. 
nditifi to Uudy lautomenc equihbna m the 3«hydroxyiscxa2ole syUem (the keto 
tautomer I5 is referred tr> a<t ao iscxaaoiofie) AMI predicts 15 tr> te 0 06 
kcal/mol lower ui ener^ than 14 in the ga^ pha^ However, tbe AM I dipole 
mrmeola am 3 32 aod 4 21 I> for 13 and 14> respectively Hydjoay tautomer 14 n 
better tolvated within tbe 1X)2* model, and is predicted to be 2 6 kcal/mol Irwer 
in eoer^ thao 13 in a coodouum dielectric with t & 78.4 Kareltoo et al note, 
however, that the relative locrease in dipole moment uprm solvation is larger for 
)3 than for 14 taqtieotit AMI dipole moments of j OS and 5 39 D. respectively) 
This iiKlicaies that the relative magnitude r>f gas^phate dipole moments will not 
always he indicative of which tautomer will be better solvated within a DO 
solvation appmach— the polarixability of tbe soltftes must alto be considered In 
any case, the D02** model is consistent with the espenmeotaJ nbservaUon (266J 
of only the hydroxy tautomer in aquemis solution 

Woodcock et aJ. (272) alto sUidied the .^^hydrosyitoaasole system 
maktog several comparisons to tbe atnve work of Karehon et al They noted in 
parOcular tbai the hydroxy tautrmer has two possible rotamers about the 
bond, one which places tbe hydroxy] p r oto n syn to nitrogen (14) and one which 
places It ano USi Karelson et al. crmsidered only 14^ which ts 4.3 kcaJ/mol lower 
in energy in the gas phase at the MP4/6-31G*^/Alf^/3-2lG level Woodcock et al 
also demonstrated that AMl agrees poorly with this correlated ab initio level of 
theory for the relative energies M 13 and 14; the MP4 calculations {ndict 13 to 
be 7 I kcal/mol higher in energy than 14* Finally. AMI also disagrees with KF/Ck 
3lG^*//HK/V2lG with respect to the molecular dipole moments. Tatftomers 14 
and I3 are predicted to have gas^pbase dipole moments of 2 5 aod 3.8 t> 
respectively at the ab loido level, reversing tbe order found at the AMI level 
Morer^ver. the aob hydroxyl tautomer 15 has a gas^phase dipole moment of 6 2 D 
al the HF/6-31C*^//UF/3-2lG level' Thus, when Woodcock et al. considered the 
effects of solvation using a correct DO model (as opposed to D02*> but 
cootinuing with the small spherical cavity radius of 2 5 A used by Karelson et al . 
they find the relative energies in aqueous solutirm of 14*15* and 13 to be 12 8. 
OO. and 18 kcal/mol respectively Sote tbe difference between AMI and the ^ 
loibo level of theory widi respect to 14 %s 15: the fr w m er predicts 15 to be the 
more stable tautomer by 2 6 kcal/mol while the latter predicts a reversal of this 
redenng by abmit 1.^ kcallmol. Note as well that tbe relative energies of tbe two 
bydnxxyl rotamers differ by 12.8 kcalhml^his is a very large differeoce in 
elecmstatic solvatioo tree energies for rotamerv and. if we recall thai tbe DO 
model calculates the free eoergy of solvatioo a^ being proportiorsal to the square 
of the molecular dipole moment aod inversely proportional to the cube of the 
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cavit)^ radius , we can rcasonatric conclude duJ llua las^e djftcrcnct rcAccts both 
the problenu of tmncaiing the mulopole expan^ioo at the dipole and of chocsin| 
unreaacnably soiaJ) C9vtty tiidn. 

NVccdcoek H al al^o exanuned a different cceitinaum modek namely the 
PCM model with a advent accesabk surface area defined accordini to the 
pescnption of Aguilar and Olivares del Valle (2?3) baaed on baai^ W and padial 
aJondc charge. Tlua much more reajialic C9vtty still predKta 13 lo be beller 
solvated than lA but by oolv 14 kcal^mol at the HF^-3lG*V/HF/l-2lC levd. 
When combined with the MP4 gas |Aase energies. Id it predicted to predominaJe 
by 4.7 ked/fDoJ. Thit it remarhably consiatenl with molecular dynamics 
iioialaucet studies earned out by Wocdccck et al using frozen ab iniOo 
geometnes far tbe sohites. solute partial atomic charges derived from electrostaiic 
polenuaJ fitting (274|. and the Transferable IntennoJecular PolentiaJ .3«Pmr\i 
fTIP3P| (27 jj water modd with the AMBI^R (276) force field. The simulations 
predict (3 to be better solvated than Id by 2 2 ± 0 4 kcal/mol They aJsc make the 
much more reasonable prediction that the difference in solvation free energies for 
(he two hydroxyl retainers is only 3 7 ± 0 5 kcal/mol. favoring the anti rolamer. 
When either the PCM or the MD solvation results are added to the MP4 relative 
lasf base energies. Id is predicted cc be die most staUe in aqueous solulion 



H 




16 17 IB 

Karelson el al. (264j used the AM) D(72* method with a ^hencal cavity 
of 2 5 A radius to snidy lautomenc equilibria 3n the ^hydjoxyisoaaaole system 
(they did not spec3fy which hydroxyl rotamer they examined). Tautomer 17 
predominates in aqueous solubon Although AM) predicts U> to be about IQ 
kcal/mol more slable in the (as^phase than 17^ its diptrie moment is only predicted 
to be 0.68 D Tautorrtfr 17 has a predicted dipole roomcnl of 2.83 D in the gas^ 
|duse. With the small caviiy. the two dipole moments increase lo 0 90 and 4 S6 D. 
respectively, and this is sufficient lo make 17 0 3 kcalMiol more stable than 16 m 
solution. Zwiitenon IS i\ much beder solvated than either of the other two 
lautomeev bul AM) predicts its gas^jAase Ttl^vc energy to be sc high that it 
plays no equil3bnum role in either the gas phase of soluoon 
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19 20 21 

Ths pccfent authors hvt discussed dse 5^hydrcavisox£2ole tautcownc 
equilibnufD at length in a previous review (S3] For the sake of coropJeteness^ we 
Mte llul Karelsofi et al (2d8) studied this equilibnujn with the D02* mdel and a 
spherical cavity radius of 2 5 A aj>d came cc the conclusion that 19 should slightly 
predcminate (hydraayl rotatioo in ll was not specified). Woodcock et al [222] 
found that AMI gas^phase energies differed fTwn M?4/6-3lG**^//KR>2lG 
energies by up to 5 kcaLhnol although predicted dipole mooients were in better 
agreeosent tetu*een the iwo levels of theory than was the ca.se for 
^hydroxy I sox£2ole (vide supra) AJthou(h Woodccck el al. found dial adding 
soJvaiion free energies from an ab loitio DO mcdel with a 2 S A spherical cavity 
radius aJsc predicted lhat 19 should slightly predominate, this was nol consislent 
with either PCM results or MD simuJations. both of which suggested 20 to be 
lower in energv in aqueous solution. The present authors (27?| employed ab initio 
levels of theory thal effectively converged the gas^phase relative erwrgiei. noting, 
as had Riepa et al (270). that inaccunUe gecmeotee had been used tar 19 in the 
earlier studies When SMx sclvaoon free energies were a^ed lo these gas^phase 
enerpes. the present authors predicted lhat both isoaaaolone tautomers should be 
preseni with 20 slightly predominating. This is consistenl with Irends appareni in 
the tautomerK equilibria of the ^rrtftbyl. ^mediyl. and 3.4«dimelbyl homologs of 
this heterocyclic systeoi. for which experimental equilibrium data are available 
|27&. 279). and for which the SMi oiodels are in geed agrecmenl with experiment 
|27?|. Gould and Hillier (200) subsequently revisited this svslem and illustrated 
that the DO rrsodel was incapabk of providing accurate predicUons even when 
accurate gecosetries and a more reasonable cavity were emplo)^ed. However, 
when higher solute muhipole oiomenls were included in the reaction field, the 
results were mm consisteni with the SMr predicUons for die unsubstituted 
system. PiruJIv. both the present authors as well as Gould and Hillier err^hasiied 
the iorportance of accounting for non-electrostatic compenents of the free energy 
of solvation. 
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28 29 30 31 

Karelson a ^ [26i\ tixd the AM) D02^ method with a sphencal cavitv of 2 j A 
radius to study CAiuomem e^libna in the 2% iiM S^bydroxyoaascle s)^sltou 
(the keto tautcnsen m referred to as oxasdooes) Totucorera illusttiued iibcve in 
parentheses wctt not considered and hydrcav] rolaoier^ wctt rwt speciRed. In the 
Rrst (WO svsieois, tatftcorer^ 22 and 2$ are predicted by AMl lo be abosit 14 
kcal/mol oiore stable than the nearest other tautcoser )n Iheir respective etjuilibn^ 
DitTerences in tautccner soJ^aiion free enerjtes do not overcome this gas^phase 
preferersce in either case« and the oxazolones are predicted to dominate the 
a^tieous equilibniurv as is observed expenorentaJIv (266) 

In the S4iydrcavoxa2de sy5terrv AMI predicts the j«(4M)«oxa2olone 
caulomer 28 to be the lowest in ener{v m the gas phase bv 124 kcal/mol This 
lautomer is etperimentally observed in the solid stale (266) The employed D02* 
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owkl. totyev'er. predicts that the rwrrtenoaic taiucoier 29 Micald predoniinate in 
aqiiecas solution by about 20 kciLhnol with a solvaOcai free energv of oea/ly ^0 
kcai/rDo): this is probably a large overesimation of the oiagnitude owing lo ihe 
artnoajily snuJI size of the IX)2** cavity tinploycd. ExpeniDental solution data 
are not avaUabJe. The AM I gas^phase energies are also noi <]ua/ititaove« 
suggesling that (his mi|lu be an interesting sj^slem for which to make hjgher \tsti 
predictionv 




32 33 34 35 



H 

} N^N 

m' ^ 'n 

36 3? 35 

Tomds et al |2Sl| have calcdated the tairtooienc etjuilibnum of 
benzotriazoJe in the gas phase aj>d compared their results to experimental data 
(282| derived froro dtraviolet spectroscopy Experiment tuggesis that iS )s atcut 
4 kcal^mol more stable than 34; this result )s consistent wilh caJculaoons (281) at 
the MP2/6-3IC** level, which predict 3$ to be 2.S kcal/moJ fuort stable than 34. 
The same level of theory predicLt 33 to be 3.0 kcabroo] more stable than 32 m the 
parent tnazoJe system Although expenroental data are available indicaong 35 lo 
be the domiruint taulomer in CDCh and d««dimelhyl sulfoxide solutions (279. 
283). this e^dliteium dees not appear to ha\e been the subject of aoy roodding. 
cooUnuum or otheewi^. It may prove to be somewhat challen|iog. however. 
Tomis el al. point out that corrdauon etTects favor 35 by about 5 kcaLhnol at the 
M?2 level: AM). ^M3. and HF calculations wiih motkw basis sels all predict 
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34 be the in )fi the pha^e Moreover. Fabian (2S4] ha3 noted 

aigniUcarTt di^crepa/Ktes between expencnental taiuooienc equilibna and 
predicUm; froio both AMI and ?M.1 when one or nore lautoioec^ ha^ adjacent 
pyndine^like lone paic^ as ifi the ca^e for 34* Tbia ^ug^eala dui the eleelranic 
^nsilie^ calculated al these levels may not be sufficiently accurate for solvadon 
oiodeUn|. 

In coojiinclion with the present review we luive cvned out AMl^SM4 
cakiilad^s in solvent n^heaadecane {t s 2^061 for the ben^otnaaole eqiiilibnum 
We find that iS it belter solvated tiian 34 by 0 9 kcabind. with dl of the 
differential solvation being found in the AG^^teno. Not surpnaingly^ ?M3^SM4 
resides are very 3ioiilar. This ^eeros to te cut of step with the data from CDCIs^ 
the most nonpdar solvent for which experioientaJ remits are availaUe It is not 
clear« however whether this difference is atUibutable lo (i) the smaller dielectric 
constant of ^4iexadecane compared lo CDCIs (for CHCli a & 4.S ai 293 K (240)K 
4ii> specific inleracdons belween weakly acidic chloroform and the basic 
benzotnaaole tautomers. (iii> inadetjiiMies in the semiempirKal eJectronic 
structure^ (iv) inadequacies in the SM4 models or (v) some combinaiion of any or 
all of the above. When SM5 models are available for CHCI^ and DMSO. it will 
be inlerestini to revisil this system 

Another challenging tnaxole system. ^amin> l.3.4«tnaaole. has been 
discussed by Parchment et al. In aqueous soluocn. indicates 

(28b) a 3:1 mixture of with no detectable amounts of 38 present. Tautomer 

38 IS the least stable in the gas phase at the CCS[>f6-3lCV/HP/6-3 IG^ level. 36^ 
37^ and 3S are predicted to have relative energies of 0 0. 0.4. aod 7 i kcaboiol. 
respectively (385). V/ilh a DO model using a cavity radius of 30 A at titf 
level. Parchment et al. (285) predicted the relative eoergies of 3d» 
37^ and 38 in aqueous scriuoon to be 3S. 0 0. ar>d 14 kcaiyoiol. respectively: 
although the relative ordering of 38 and 37 is correcl. 38 is tco low in eoergy 
based on the above NMR data PCM calculaoons at the same level of thecrv 

t 

predicled the relative energies of 38.3?^ and 38 in aqueous solution to tc 0 0. 18. 
and S 0 kcaL/oiol. respecUvely. This prediction of the decsrustatics is more 
consistent with Ihe observed equilibrium, and it appears lhai ccrrecting f^ 
specific solvaoon effects could easily reverse the relative energies of 36 and 3?* 
However, it may be that the proxioiity of the primary and secoodary aroino 
foncDonality in tautooKT 3? requires inclusion of a specifK water molecuk in the 
conUnuum calculation as there is an of^ruinity for a unique hydrogen bonding 
pattern possible only for that tautoowr (each ammo group hydrogen bonding to 
one lone pair of a siogle water molecule) 
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39 40 41 

Ternxck can txtu ihrw tautomtcv as iUustrated abcvt Wofij H al (3S7) have 
Munoianxcd lltf ^xpamoental and thtmiKsi data for the |a^«pha^e equiJibriafo: 
there is ger^eral afreemenl that 40 is mar stable than i9 by about 2 kcal/ml. 
while 41 IS about 20 kcal/moJ higher in free energv Wong el al also ased ihe 
D03 cno^l lo eaaoiine electrostatic scl^abon effects on the letraacle equilibnaoi 
at Ihe MPV6-i) UG'**y/^P/6-3lG^ level. At this level they predict the 
equilibrium to barely reverse in a conltnuum dielectnc of S s 2. sc that i9 is 
favored over 40 by about 0 1 kcaJ/mcl. For a « 40. they predict 39 to be favored 
over 40 by atcut 3 kcalMicl This ordenn| is consistent with the expenoiental 
observaooo (2S3| of only 39 in diosethylsulfoaide (t s 46 5 ai 298 K |24n|i The 
possible dilferenuaJ effecLt of specifK interacoons between tetr azole tautomers 
acorij at hydro^n^bend dorters to DMSO were not considered Tautorrtfr 41 
remained oiuch lugher in energy for both dielectric constants 

Fee coorpanson purposes, we have earned out for the present review 
AMI-SM4 calculations in n-heaadecane <t s 2i>6) We Rnd the solvation free 
energies of 39 and 40 to be ^3 $ aM ^2 T kcal^cnoh respecovelv. Thus, the two 
solvation models agree that 39 is belter solvated dun 40* However, we calculate 
the difTereolial solvation hee energy. 0 8 kcal/roo]. to te soialler than that found 
by Wong et al . 2.0 kcal^oiol (in a hypothetical solveot with Z s 2.Q). Moreover, 
we calculate for 39 and 40 to be ^4 and ^3.6 kcal/mol. respectively 

These values oiay to compared to ihe D03 (also eleclrostaocs ooly) results of 
Wong et al.. which were ^2 4 and ^04kcabmol These differences, as noted 
above for the S^hydroxyisosaaole system, are probably attributable lo ihe failure 
ct the DO osodel to take account of higher mulopok moments The net result is 
that the (wo cnodels differ for t & 2— the D03 mcdel predicts a very sbght 
prevaknee of 39< while dtf SM4 model predicts about a 7.1 ratio of 40:39. 
Unfortunately, limited soltibihry of tetrazoJe in solvents less polar than DMSO 
has not yet permitted an experimental measurecnent of this equihbnum 
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4 2J.7 Pyndioes 




H}drox)^pyndific/pyTidofic &<]uilibna havt been extenfively said ted Numrous 
expenmenlal (240. 266. 289) aM modelin| studies of th»e systew in the 

pha^e (284. 29Ck293] Afid in scluUon (157. lS9. 161). )9S. 236. 260. 294^300) 
have Appeared. An eariier review (83) by the present authors includes a sumnAry 
c4 the l)leratore through 1993. We briefly review that earlier work And include 
some more recent coruribuUoru 



The 2«subsUtuled sj^stero haa proven especiAlly atowcuve to tnodelere 
becaii^ the expenroentaJ e^dliteiiim ccet^tants are known both )n the |a5; phase 
and in many ditferenl solutions. As a resull. the focus of d>e roodehng study can 
be on the Mrughtforward calculation of the diiterenoal solvaoon free energy of 
(he (WO taulomers. without any requireoient to first accurately caJculate the 
relative lautontfnc free energies in the gas pluLse However, in 1992 Les et al 
(290) suggested that pnor eapenmenlal data (240. 266. 288). primarily ui (he tcm 
of ultraviolet spectra in the gas phase and in low^leoiperature matrices, had been 
oiisinterpreled and that the reported equibbnum constants referred to homomerK 
diroers ot tautooiers (ie. 442): (4J):L Parchment et al. (291) coolested this 

assertion and suggested an mcon^lele accountini for correlation in the modeling 
studies of Les el al Sioiultanecusly. a gas^phase microwave experiment appeared 
that unambiguously established the two tatrtoroers to be oionomeric in die gas 
phase (289). 

Calculations on the differential solvaoon fiee energies of the two relevant 
tautomers are presented in the following table for several different models 
loif^mented at a number of levels of theory. The tbilowing discussioo will fee us 
on comparing specific calculations in the table 

We begin with a comparison of the various DO models to each other 
Based on a parametric procedure that takes account of the molecular volurrtf 
encompassed by the 0 01) I lu. electron density envelope. Wong et al. (297) 
suggested that an appropnale spherical cavity radius is 38 ^ Sxafran er al. (157) 
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TABLE III 

Differtnti^J ftet energies of solvation (kcalMiol) for l^pyndofic 42 and 
2«h)^dn>xypyn<line 42 for diitCreiu dielectnc conslanh aj>d solvent models.^ 



ModeUHarruItoniaji^ 


6Sl 


Dielectric Constant 
es3 es36 es7S 


Caviry 


Ret 




1X)2*/A«I 








4.3 


tad. 3 l5 A< 


12951 


D02VAMI 


08 


IJ 


1.0 


1.1 


nd 38 A 


(1571 


D02-/PM3 


0? 


1 3 


18 


1.9 


t9d. 38A 


(1571 


D02-/AM 








1.5 


rsd 3.8 A 


(157] 


D02*/PM3^ 








1.2 


cad. 3.8 A 


(1571 


IXVaM) 








48 


tad. 3.0 A 


(159] 


IXVaMI 


0.9 


1.6 


2.3 


2.3 


cad 38 A 


1(521 


IX>/?MS 


0.2 


14 


1.0 


2.1 


cad 3.8 A 


(152] 


IXVaM Irf 








22 


t9d. 38 A 


(157] 


D(V?My 








24 


tad. 3 8 A 


(157] 




DO/HF/.1-2IG 








5.2 


cad 38 A 


(298 




DCWWF^-310** 


i 1 




3.0 




«ad.38 A 


[297 




IXVWF^-31*Q** 


12 




3.4 




cad 3.8 A 


(297 




DO/Mm-31+C** 


1.0 




32 




rad 38 A 


(297 




1XWWN/1>ZF 








54 


cad 38 A 


(160 




DO/BF/l>ZP 








62 


t9d. 38 A 


(160 




SCWa/s 6VHP/6-3IG— 


1 5 




42 


43 


nd 3.8 A 


1195] 

4 4 A A 




SCMate 61/HF/6-31G"“ 


3 3 




4.5 


46 


ellipse KjaJ 


|I95 




PCM/AM 1 


1.5 


3.3 


48 


5.0 


van der Waals 


[301 




PCM/HF^-3I1G-' 


2.6 




5.2 


5.8 


van der Waals 


(195 




AMI-SM4 cyclohexane* 


06 








van der Waals 


/ 




FM3-SM4 cyclohexane* 


I 6 








van der Waah 


/ 




AM)-SM1 watei* 








4.4 


van der WaaJs 


(260] 


AM)-J^M2 «aiei* 








26 


van der WaaJs 


(236] 


FM3-^M3 waief 








43 


van derWaal^ 


(236] 


FCMS/ST/AMI waicf 








4 1 


van derWaah 


(202] 


PCMR/ST/PM3 waler 








30 


van der Waals 


(202] 


£xp«;Hnu;n( 


U 




3.8 






(288) 



* In eveiy caso« 2«pycidone is die t^Ttor solvated isomer by the amount indicated. 
^ See text for des^ption ot HamiktoniaosyacrDnyTTis. ^ denotes mi)u^ of a 
spherical cavity. ^ Includes one explicit ^ater of hydration ^ The SMr and 
PCMS/ST models include non^Iectrostatic effects: the other models do not. 
/Tb)s wofL 
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arrived ai a sijnUflf caviiy radium based on van der Waal^ vcriume^ of Ihe 
At the tenueiDpirual tevd« Szafcan et al (lj?| coinpared the D02* modd tc Ihe 
nwioal DO apfnach Althotifh the D02* mdel does not pcUnxe (he wave 
hincDcn as much at (he full DO oiodeh the effect on the differenlial sdvaiion 
eoer^ it fajrly small ai the AMI and PM3 levels, amcuntins to only 0.3 kral/moJ 
at i s 78 The a|reement with experiment it |ood f<r die two ynaJJest dielecinc 
conslantt and rather poor for the iwo largest djekctnc conttarus When (he cavity 
raduis it treoled as a free parametee. it )s of course pc^ible tc improve the 
a^eoienl with expenmeat for t s 78 Karelson et aL |29d) and Freitas et ai. 
Il59) chose unrealistically soiall cavity radii (2d A) for their D02** and DO 
calculations^ respectively, at the AMI kvel. and were able to increase the 
differenoal solvadcn free ener^ to oiore than 4 kcai/mol Usiog the mar 
reatonable cavity radius of ijt A. Saafran el ai. [157] considered the addition of 
one explicit water molecule It is not clear, however, what Ihe ditTerenlial 
solvaoon energy of the monohydrates should be. since the tautooienc equilibrium 
constant f^ the rrvanohydeatea in the gas phase is rvat known (at the AM I and 
PM) levels. Saafean el al found the monohydraocn energies to be idenlicai for 
both tautoroers^ab initio resuhs focusing oo the monohydrates in Ihe gas phase 
have also a|^ared (293. 29S^3O0|). NVhaJ is nolewcethy abosu the monohydrate 
calcuiatioos is lhai the difference between Ihe D02^ and DO mcdels becomes 
considerably more prooounced— the difforenliaJ solvalion energy differs by 
almost a factor of 2 at the AMl level 

Al ab iniuo kvels of theory. NVon| et al (29?| examined the effecis of 
basis set and coerdatioo (evaluated at (he MP2 level i oo the differenlial solvation 
free energy at t & 2 and e s 36 They did not calculate the 6 s 7S case, noting that 
^ocific interactions not accounted foe by Ihe continuum mcdel mi^ be expected 
to be significant in aqueous solulion Within the DO model, however, the 
difference betiveen e s 36 and t s 7S is almost negligible, as can be seen foooi 
many ot Ihe other caiculadons In any case. Wong d ai. achieve excellent 
a^eemenl with experiment tor t ^ 1 and sooiewhat underestioiate the difforenual 
solvaoon free energy tor t ^ 36 Tlw effects of adding diffuse basis furutions and 
laking accouni of electron corrdation at the MP2 level are fairly small: each 
changes the differential solvation free energy by abosit 10 %. albeit in of^site 
direcDons. Barone and Adamo |298| use the sane cavity radius as Wong et ai.. 
(3 8 A> bul obtain a much larger differenoal solvadcn free energy at t s 78. 5 7 
kcalfrnol than would be expected based on the HP results of Wong et al. al 
t A 36. The situation is oot entirely clear, since the paper of Barone and Adaoio 
stales Ihe cakulaiion to be at the HF/3«2lC level, whlk another paper by Adamo 
and Lelj (160) refers lo this result as being at the HF/6-3lG^^ level, which should 
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ctTlaifJy 9grct closely with the results of NVcog ti ah at 6 s 3^. As^uoiing Ihe 
calmlaiiofts to be at Ae HFv3«2lC leveh it appease more likely that the 
discrepancy arvies from the lark of poJanaaocn fiuKhons in the smaller basis set« 
sioce the reported geometries do net differ markedly This seeois to suggest a 
polenuaJiy irDpcrtarrt pome aaoiely that al ab loiuo levels pclaruation basis 
functions appear to be crucial in penrudiog a realistic relation of the solute 
wa\e fiuKlion in the presence of a rearocn field Adam and Lelj 1160) foor^ a 
siroilarly larje differential solvalico free ener^v for a s 78 using density 
fuocticnal theory (DPT) In this case, the local dertsity approumalion of Vosbx 
Wilks, and Nusair (302) (VWN) was used, the nonlocal cwrecDcns of Becke 
1303) and Perdew |304) for exchange and cerrdauen energy, respectively (BPk 
were also employed In both cased the results significantly overshoot the aqueous 
experimental values Kail et al. [19t] have found very similar density ftincoonal 
approaches to do po^y with respect to prediction ot the gas^phase tautomeric 
equiltbrtuoi coostant. sc it appears that the DPT density for one (or both) of the 
two tautomers is inaccurate 

Yeung et al. (I9d| have provided a calculation tn which they compared 
expaiHluig the muittpole series up to f s 6 tn a spherical cavity of 3 8 A. These 
results may be compared directly tc those of Wong et al. [297] ai the identical 
kvel of theory^iasis set in order to assess the effect of locluding higher momeots. 
In each case, the difTerential scrivation free ener^ increases by about 404 This 
Jlustretea nicely the reloiionshtp between cavity radius and model 
approxjnaoor\5— It is apparent dial the prescription used by Wong et al tc 
calculate cavity radit may bt useful when the effects of higher mulopck moosents 
are ignored 4te.. f^ a DO model t but it will not rtfcessarily he useful for mre 
general reaction Reid ai^roaches In this cose, inclusion of higher order 
oiuJupoles imf^oves agreement with experiment for a & 36 but agreecnent ts new 
less good for e s 2 As noted earlier, there is etfecOvely no difference between the 
results iof £ & 78 and t - 3^^for a cavity radius of 3 8 A. the former are in 
quantnolive agreecnent with experiment. Upon switching from a spherical cavity 
to an ellipsoidal one. however, the agreement with experiment is degra^d (19$). 
especially for a s 2 This is in opposition to the general observation that 
ellipsoidal caviues are to be inferred over spherKal ones (although both are 
inferior to more general cavities) 

Resuhs for continuum models having cnore general cavnks are availaUe 
In purtcuiar. Wang and |30l) and Young et al (I9d) have earned out PCM 
calculations at the AMl and HF^3llG^** levels, respecovely. Both sets of 
calculations .slgnilicantly overestimate the dilfmntlal scrivation free energies 
This oiay reflect a difficulty with charge penerraticn outside die cavity. 
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The GB/ST^lype SMr models dsc emplc} a general cavity. Since they 
ifKlude non^lecimlatic effects^ (hey mjuire pariimetematiori on a solvent^by^ 
solvenl ba5i^. and at present re^ilts fer 2«pyndone are ooly available for e & 2 
(using the SM4 cyclohexane model and t s 7S (usirtg the SM) |2l0). SM2 

(211). and SM3 |2I2) water osodek). The cydohei^afie s^vaiion osodel brackets 
the expenmenlal restJi depending on whether the AM) or PM3 Hamiltooian is 
used ^is IS somewhat surpnaing. sjnce (he CM) charge cnodeU should oiinimise 
differences between the two HanuJloruans Indeed, for the pyridooes the AMU 
CM I and PM^^Ml atoroic partiaJ charges are vay siroilar and the absolute 
sclvaoon free energies agree cJosely (^7 aod ^9 kcabmol f^ AMUSM4 and 
?M3«SM4 cyclohexane, respeco^ely). For 24iydroxypyndine. lltf charges remain 
quite sioiilar. (he largest deviation is OChS charge units cr> the pyndine ni(7Dgen (• 
0S3 with AM I -CM I aod -0.47 with FMVCMl). Nevertheless, ihe solvation of 
this tatftooMT appears very sensidve to these sroall charge differences, and the 
absolule free erwrgies of sclvaoon are ^.l and -S i kcal/rool for AMl^SM4 and 
FMl^SM4 cyclohexane, respectively. This effect is discussed in somewhat more 
detail for formamidic acid in section 4^21 Non-electrostatK contnbuDons to the 
differenoaJ soJvatioo free energy, as oseasured by values, are less than fU 

kcal^nsol. This is ioruitively reasonable ar>d consisteru with Ihe assumptir>ns of the 
eleclrostaocs^nly continuum studies. 

The aqueous sclvaoon restJts are in gcod agreemeru with eaperrmenl for 
the SMI arwl SM3 models, but quanotadvel) tee so^l for the .SM2 oiodel The 
present authors have provided a ^tailed anaivsis of these results that emphasizes 
the importance of Of relaxing Ihe elecoooic wave function in Ihe presence of the 
reactioo fidd and (ii| reopumiang the georoetry in the pesence of the reaction 
field |2$6) The latter effect is snuJl in terms of changes in bood lengths, anglee. 
etc : but. it penmls addihonaJ electronic relaxation which c^tnbtues to the 
overall solvation free energy 

Usng the PCMS/ST model Orozco et al. (20?| arrive at values similar to 
those found by the SMi models. Interestingly, in this case it is the AM I -based 
model that is mm accurate lhan the PMi^ased one. This illustrates the subtle 
balancing that gees into Ihe paraoietenzaoon of mcdels that include eleclrostaoc 
and non^ectrostatic elfecis simultaneously 

One point of particular interest is that n is not clev from the electrostatics^ 
ooly models whether non^leclrostaOc phenomena affect the Afttfous taulomertc 
equilibria. Fee instance. Ihe DO results of Wong et al (297) would suggest there 
are differenliatuig non^eccroslatic phenomena, while the results of Young et aJ. 

1 1 95) f^ a oiultipole expansion in a sfrfierKal cavity suggest that there are not 
.Since the SMI. .SM2. aj^ SM3 CByST oiodels use Mulliken charges rather than 
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CM I cbar(e$ )n the caJculatioo of &(?ehp« cocrecbon^ for chssgt coadu^uacieb 
appear in )l noi pos^)b(e to (he electroslaUc and non* 

elecUDStauc components of the free energy of solvation. 

Finally, we note that Karelson et aJ (29$) have used the D02* model with 
small cavHy rwi)i to consider aqueous scivaiioo ejects on other tautomeric 
equilibria of substituted pyhdirres. In pajticular. they examined cnethylliDethylene. 
arruno/irrurso. hydroxy/oxo. aod rr^errapio/thiono substitution at (he 2*. and ^ 
posiuoos of pyridirse They observed rr^ethyi/inethylene equihbrix to be only 
slijhdy perturbed by aqueous solvation Ajnir>o/imtno esjidlibria were slightly 
rrvore perturbed followed by hydroxy/oto esjuiltbna. Mercapto/lhiono equilibria 
were wy significantly affected by aquerrus scivaiioo: Kareison et al predicted 
pK ^ifts of up to 16 units This sensitivity of the thiono group to solvation is also 
discussed io tbe next section Overall tbe tautomeric equilibria of J* and 4 
substituted pyndioes were more seosidve to aqueous solvation thao were those of 
2*substituted pyridioes 



4 2.1.8 Pyrimidioes. Purines, and Nucleic Acid Bases 







0 

ndenina 

o 




& 



thymine 



0 




fuarslne 




1 

R 



cytosne 




R 



^thtfiporine 



uracil 





64btog0an«Be 

r> 




n 

S*Haur<^uracil 



Sooie of (he impetus to sludyin| tautoroersc equilibria in heterocycles arises 
because of (he postdate that point mutations in geneoc oiaterial oiay be 
introduced when a given base exists in a tautomenc tom dunng replication (2^. 

Cytosine, in parocular. has imino and hydroxy tautomers (hat are within 
^ kcal/mol of the (lobaJ onnimum illustrated above (because of the very large 
number of possible tautomers for die punnes and pyhtnidinet. orJy the lowest 
energy tautomers are presented). This anaJyss has been made based on a 
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combiAauon of matnx infrared ^pecooficopy (30Sj and ibeoreticaJ |309«3I3) 
phase} In the laoer case, u wcctli noofij Aat &lnn et al. (3I4| foof^ 

bcA local iuid (radiefU^corrected in^lemenlauons of density functional dieory lo 
be effective in corapifuni ihe relative coulorcric energies T\6t is in contrasi lo 
dve observations of Hall et al. |292)« discussed in the previous secoon. with 
mpecl CO 2«pvrtdone. Even for die other nucleic aad bases« there haa been 
inieresi in the possibility that soJvalion riu^ht influence the tautornenc equilitnum 
sufTiciendy to pJay a roJe in boJogical sysleois. 

ConOnuurn models have been employed by a number of groups in an 
effort lo address this <]uestion. Scanlan and Hillier [i09] considered die effect of 
aqueosis scrivatnn on urarU« (hyrnine^ S^nuonHuacil^ and cytosirtf uaini a non« 
self<onsistent DO reaction Tield model and HFv34lG electronic smictures. They 
observed dioi the model gave quaJitao^e agreement with eipertmeruaJ results tor 
solvation effects on the tautoroenc equilibru^ but that the predicted aqueous 
populaocns of non^siandard lautomers were loo small to be consistent with the 
observed rates of mutaoon in DNA replication. They concluded that ocher factors 
associated with the macrorooJecular system could not be ignmd in this regard 
Kaentzky and Karelson [Hi] used the D02* model with the AM I and ?M.l 
Hamiltoruans to evaluate caucomeru cquibbna f^ all of the nucleic acid basely as 
well as for the l^methylated pjmmidine bases. Cavny radii ranged from 3.4S co 
3 S3 A for the pynmidinei^ and the qualitative results were reported to be 
insensitive to 10% changes in these values; cavity rudii were not repmted for the 
punnes Katrilzky and Karelson emphasized that the semiempirual dipole 
roomenls were in good agreemenl with experiment for tiracal and thymine, and 
that the semiempiricaJ struc cures a l sr? agreed well with higher level ab initio 
results Similar poinis have been made by Fabian with respect to the success of 
scmiempincal levels of theory in predicting the geometries and dipt^ mooients 
for these and related heterocycles (234). Katntifcy and Karelson provide detailed 
comparisons between theory and experiment for the relative lautomenc energies 
of each base Althou|h uncenaindes in some of the experimental relative free 
energies are quite large, nevertheless, the D02^ resulLs were in quite reasonable 
quaJitaove agreeoient 

Young el al. (316) examined (he cytosine lautomeric equilibrium using 
both the DO mcdel (cavity rudius of 3 M A) and a multrptrie expansion through 
/ 8 6 in both spherical and ellipsoidal cavities They also employed the ?CM 
model All of their results were at the HF/64lG^* level. They observed chat the 
absolute free energies of solvatioo were quite sensiove to choice of mcdel. but 
that relative free energies were much less sensitive. They also noted that only the 
DO model gave good agreement with experimental evo mates for the solvation 
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fm of a hjgh<r)er^ oxc^amino twiccner. PifuJIy^ <hsy noted Am in som 

casts the AMI rcsuJu of Katntzky niid Karelsoo benctiltd frcoi a cancdlaticn of 
erw5 )n (he gas phase and solvation tnerpts. Ford and Wang (1^) also 
t);afTuncd (he soJvaiiofi of (be (hree lowest en t r y laatofotr^ of cytosine uaing an 
AM I PCM modd« and arrived at similar corKluficau to those discussed above. 

Oroico and Luqut |3I?) have examined (he laatomnsm and (monaJiofi 
of ?«aminopyra 2 olopvrimidir>e (a drug component reserobJing adeiune} using free 
energy periujbation and (he &M2. PCMW.ST. and PCMlCh^ continuum models 
In this ca^e. ihev note (oed agreement between the ab )nioo PCM9/ST owdel ar>d 
their simulaiiona with respect lo which lautomer is the be^ solvated This appears 
to be supported by expenmerUal data The AMl4iased SM2 and PCMKVST 
results^ 00 (he other hand, predict a different taiuooier to be berter solvated, 
apparently illustrating a case where (he semiempincal wavehincoon fails to 
provide an adequale representaocn of the soliue eleclrooic strut cure 

Lastly, sooie studies have recenllv appeared examining thiosubsticuted 
punnes (commonly used in the treatment of human leukemia) and 
duopynmidines In parbculor. Contreras and Alderte (3lS) used the AMI^SMl 
mcdel to examine the lautomenc equilitnum of ^thnpunr>e. and Alhambra et al 
(3l9) ueed an HF/^3lC* PCM modd lo examine the saulomeric equiliteium of 
^thioguanine. Both srudies noted very large poJanaaJion free energies associated 
with thiono lautomerx. the oet efrecl beiog a large shift of negative charge oruo 
stJfur and a cocre^onding large gain in solvaOon free energy. These obsecvaiione 
are cortsisteru with the results of Karelson el aJ. (29$) for (hiosubstituted 
pyndirtfs. In eaeh case, aqueoue solvation reversed the celadve sobiliry of the 
lowest energy thnl and thiono tautoroeex compared to the gax phase Alhambra et 
al also considered the solvation of protonated forma of ^thioguanioe (3l9|. 
Conceres and Alderete j330. 321) caJculated free energies of solvation of 
prototrcpic lautomers of 24icpynmidine using the SM2 and DO mcdela They 
found considerably larger solvation energies tor the thione than Ihe thiol by both 
approaches. 

d.2 2 NmJ^$ftrocyc/ic TMfc^erjc RjuUibrio 

In addition to heterocycles, other molecular systems have attracted theoretical 
attention with respect to prediction of tautomeric equilibria and solvatioo effects 
thereon The most conmvonty studied example to this class is the equilibrium 
between formamide and formamidic acid, dtscussed m the neat section In 
addition, some contiouum modeling of solvation effects on keto/enol equilibria 
have appeared, these are presented lo sectioo 4 2 2.2. We note tbat the equilibrium 
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between glj^one dod it& zwhtehofuc fonrv discussed )n secboo 4.1 U is aho 
formally a tautomeric equilibrium 
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Hi|h«leve] jaa^pha^ calciilaUor^^ unaoibi|ucii8ly e^tabJish fonoaoiide 44 lo be 
roughly 13 kcal^nwl cnore slable d^an foruiamdu: add 47 (198. 297. 322|. li wiU 
be noted that the^ rrxriecules reprew^t the cnocal '"fragroent** of 2«pvridooe 
involved in lhat mckcule'^ lautomenc equilibrium. Aa wh. i( coom aa no 
auri^se duJ nodding of soJvaiion effecta indicarea the amide form to be further 
stabilized in soJuocn (I9S. 297]. Aa a reaulu no ezpenmeriud data are available to 
which lo compare. It remama maouctive. however, to compare dilferent 
theoretical studies NVcng ct al (297) used (he DO cnodel with a ^hencaJ cavitv 
mdiu8 of 3.1$ A at (he QC1SD^3|4^C** kvcl and concluded ^ (he amide 
(aulomer had dte larger electroaaiic free energv of aolvaoon by I S and 4.1 
kcaiycnol for dicleclTK cortstaius of 2 and 34. rcspeedvdy Sato and Kalo ll98| 
aJsc examined this system using a multiccnler mulopole expar^tion within a 
spherical cavity of mdius 3.7 These aulhm concluded that the amide tauicmer 

had die larger electrostatic tree energy of solvaocn by only 2.3 kcaJAnol for a 
dielectric constant of 36 s 2 was not exanuned) The reduction in magnitude of 
the djfTerenUal solvaOon fret energy may be a nufufiestation of either the more 
complete multipole expansion favoring the mine tautooier (which has a smaller 
dipole mocnent). or the consideraUy larger cavity mdius employed, or both The 
cavity radius is probablv playing a sigruficani role, since Wong et al found 
&GtH? (t s 36) tor formamide lo be -d.3 kcaJ/mol. while Sato and Kato |I9S]. 
with a more complete multiped cxpansicn. obtained a value of otiy ^2 S 
kcabrool. 

For ihe present review we examined the e « 2 case using the PM3«SM4 
^•hexadecane model This model is particularly appropriate because the 
CMI dip^e oioments (3 4 and 1 2 D for formami^ and fornuimidjc acid, 
respectively) agree well with values obtained from MP2f6«3IG** wave funciioos 
(3.9 and 1.2 D. respectively) (235 1. The predicted differenlial free energy of 
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solvdtkm t% ] 9 kc&l/nx>l wh^b fairly close lo Use value obtaioed by Woo| tt 
aJ [297) However, the PM^%^M4 model predicts AGz^p to be -4 4 kcal/mol at 
t 9 2: the IX) model of Wong el aJ. |297) predicts a value of only -1 7 kcai/moL 
Hvidently. although scivadon terms arising from muldpole moments larger than 
the dipole and/or the approximation of a aphecicaJ cavRy are oot small, they 
appear to caocel in the differendal free ersergy calculation. The PMVSM4 results 
pr^ict tbe change )n to be 0 ^ kc^rml on going from formamide to 

formacrudic acid, a not entirely negligible change 

Finally, we note that the AMUSM4 rrsodel is leas aatiafactory for this 
problem (predicted differential free energy of ^.2 kcal/mol to n^hexadecane). 
apparently because it overeatimatea the polarity of the fuoctiooal groups in 
formarrudic acid, especially the imtoe group (the Ahll^MI dipole moment is 1 7 
D and the aiomic partial charges are up to 0.2 units larger than frmnd for 
CMh. Tb)s deficieocy is probably also reflected in the AMI-SM4 
underestimation of solvadon effects at a 9 2 for the 2«pyridone/hydroxypyadine 
tautomersc equilibrium discussed above The greater generality of tbe 
model for nitrogen^conlainiog systems has been previously ooted (23S). 
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Substanoal p^ulooons of uinoioJeeiJarly hydrogen tco^d eooJ tautomers of 
^diketones and p^ketoesiers are found in the gas^phase and in nonpolar solvents 
(240). In water, on the other hand. Ihe dione form is beUer solvated than tbe enoJ. 
causin| the equilibnuoi lo shih. for example, for ethyl 3<xobutanoate StK Ihe 
differential free energy of aqueosis soJvaiion for the two lautoroer^ is 1.4 kcal/iDoJ 
l323. 324). The present authm examined this equilibnum with Ihe SMI. SM2. 
and SM3 aqueous solvaoon roodels and four^ the differenoal free energies of 
soJvalion to be l.l. -I 3. and 1.3 kcal/mol. respecdvdy (336. 260) The sizable 
difference between die predictions of the SM2 and SM3 models, with the latter 
being in much better agreeroenl with expenmeou arises from the term of 

the enol which is very sensitive to the pardal atomic charges on the oxygen atoms 
and on the hydroxyl (nlon For 2.^pentanedicne. the dilferentiaJ free energy of 
aquecais solvation favon the drone taulomer At by 3.4 kcalMiol |323. 334| (note 
that a tabulation error occurred in our earlier work (336. 260). our (nviously 
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(atHJated expemntntaJ value of I 0 kcai/ml is (of to dicntihjisuifoaide. fwt 
CO water) Tl>e SMl. SM2. and SM3 aqueotia scdvatioo cnodelc peedicc dilfmnuaJ 
free energies of sclvaoon of 0 9. 6^ and 0.6 kral/moJ. re^cctively |23& 260). 

A|ain. the term of the enol 49 ic ver^ sensitive to vat lationc in pajtial 

charges frcoi the AM) and VM3 McJIiken popolatioo analyses. 

The 2.4«penlanedione system is inleresuni^ since il seents to refnsenc a 
chaUenge for the eariier generabofi SMi nmieis Moreover, data are also 
avatlable for the tatucoserK equiiteium constant in c)^cloheaane |324] This 
aUews tis Id expioft she performance of the SM4 cyclohexane model, and the 
^M^SRP water mode) (developed wginally for hydrocarbons, ethers, and 
aldehydes (213). and later extended co include alcohols f32S). we observe that the 
performance of the SM4«SRP water model is about as good for ketones as tor 
aldehydes) The sicuation is oiade paniciJarly interesting because the direction ot 
the equilibnum perturbation rdative to the gas phase is ^posile for the two 
solvencs In cydoheuine. the diffemntiiJ free energy of solvation for it and 49 is 
^).? kcalMiol ie . favoring 49) while in water it is 2 4 kcal/rool <i.e.. favonng 
4S). Obviously, the djfforenoal free energy of transfer from cyclchexane to water 
favort 48 by 2 ) kcal/mol 

This system is ideal for Ulustraong many issues associated wnh 
continuum solvation modeling. aM wc note several poinis that partKuiarly menc 
discussion TaUe IV provides the relevant details of the calculations 

To begin, the shift of the ecjuilibnuoi constant in one djreclion in 
cyclohexane, and in the other direcocn in water (relaovc to the gas phase) coiJd 
arise from several different phenomena For instance, it could be that the enol is 
more polar than die diorw in the |as phase, but the dune is more polanzaUe than 
the enol. In such a situation, the low dielectric medium would not induce 
sufRcient polariiation in the diorw . and AOtst would be larger for the oiocc polar 
erul. in water, the greater polanzabiUty of the dione would permit a reversal of 
the relative magnitudes of the two lerois. This does not appear to be the 

case, however Instead. A(?o^p favors the dione slightly rn cyclohexane, and by a 
slill larger n^gin in water, i e . it is both mae polar aod roore polariiaUe than 
the entri. Instead, focusing on the AMUSM4 mcdels. specific solvaoon effects 
associated with 0^^ sufficiently fovor the eno) in cyclohexane to overcome the 
soiaii difference in That preference )s found entirely in iJie Ct> 

coropenent. since the (h*o tautooiers are essenOally equal in sise. there is no 
distinction tdween them in die CS term. In the enol. there is a greater ei^sure of 
more polariiable (now in the sense of participating )n favoraUe inlerucoons 
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Table iv 



Predicted solvation free energief; and sclvertt^acces^ble surface areas (SaSA) of 
2«4«peolaf>ediooe tautomers io cyclohexane aod water. ^ 
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-8.4 


-8.9 


-6.7 
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relative 


0.0 
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17 


32 


SASV 


304.6 


304.8 


300 8 


298.2 


• Free energies in 


kcal/rool. 


SaSA in A> ^ AJI 


geometries 


were fully optiroised 



botfi in dte gaa phase and in soJuOcn. ^ RdiUive solvation free energy of dione 
and enoJ usinj (he sojne NDDO Kamiltonian. d Solvent radius 2.0 A for 
cavitation nj>d diaper^ion ^ .Solvent radiua 4 9 A for cavitation aj>d solveni 
structural rearrangement /.Solvent radius 1.4 A. 
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£33oaated with dispersioo) hydrocart>cn area u the expense of less 

pclaruaMe oxygen surface area cofTtp^red lo the dione Tius effect worth about 
dA kcal/ml favonn| the encJ in boUi of ihe SM4 modeh. In Ihe AM I case, that 
IS sufficient to perturb Ihe gaa^fdiase equilibnum )n the correct dinclioru althou^ 
Ihe roagnilude of the perturbation it underestiroated by about 0 S kcal/mcJ In the 
PM} case« the difference in between the dione and the eooJ it larger^ 

(apparently this term is t]uile sensitive to snail charge variations in the enol — note 
lhat tcth SM4 models gise much more coosistent answers for the dione than the 
enoJ) and the net prediction is a very soiaJI shift of Ihe gas^phase etjuilibnum in 
the wrong direction. So)], this is a fairly soiall <]uantitaiive error and the 
tjualitaiive observation that Ihese iwo lerms are opposed remains unchanged 

While the PM}^SM4 mo^\ dees appear to slightiv underestioiase Ihe 
poJanty of the enol coorponenc there is some cancellation of errors upon 
considering the differenoal transfer free energies beoteen cyclohexane and wster. 
As ncced above, expenmeni indicates that the differential free energy of transfer 
of the dione and the enol is 3.1 kcaboioJ: the PM.VSM4 model predicts this vaiue 
lo be 2S kcal/mol. in excellent quanutative agreemenl. AMl^SM4 is less 
satisfactory in this regard, predicling niy 1.^ kcalfmol 



Optimiacd 2«4«pcnbir>edii»ne cc^unclrics: 




Cas phase 




C}N;|ohesane Water 



The analy.su is corr^Ucated. however, because the dione undergeee a 
dramadc change )n geometry upon optioiiiation in aqueous solution. As 

illustrated above. Ihe dihedral aogle between Ihe planes conlaioing the two 

carbonyl groupx and their re^ective substituents chanjes frooi 137^ in Ihe ga.s 
phase, to 113^ in cyclohexane, to 5^^ in water keducing this dihedral angle aligns 
the carticnyl bond dipoles (1 36. 1.43. and I 92 D in the gas phase, cyclohexane 
and waler. respectively, usins AM I ^M I A (335) charges) and improves Ihe 
solvation of this tautomer Note that Gp is increased dramatically in water 

compared to the Iwofold increase ooe would expect over cyclohexane due Id 
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poJiinzabiUty aj>d leonetnc rtlaxiiiiofi That gtonKlry clungt cooler ai the cost 
of aj) iiKrease in tolule ifUcmaJ ener|)^« rcAccted )fi bdng a wy tliaUe 7 

tc S kcal/frxri for ihe two modds. The quandey A£en the difference in the 

expeclattcn values of the gas phas$ HamUtonian operaUng on the cpuoiiied |as« 
pha5ie and solvated Nvavehoscuont That is the compJicadng tartar in the 
difterenbal free tntrgy of solvadcn tecause u brings the |as«pha5ie 

polentiaJ energy surface back into the problem It u not al all clear that the 
semiempincQ] levels acciuatelv refvesent the gas^phase eoer^tics of the obsersed 
change in geometry^ and this oiay result in ^uantilative difterences tett^een 
experiment and die iwo SM4 oiodels. In anv case« the 2«4«pentanedicne systero 
should be interesong to studv with ab irutn solvaiion models that cfupioy levels 
of theory adequale for the gas^phase torsional a^oct of the problem (t would also 
be of inlerest lo see how well this large change in g e o metry is reproduced by 
models that employ idealized cavities compared to ones dial mcee accuralely 
represent ihe solute's shape. 




3*6C0tylw:4Mc add S^tyltetfanJc odd 

Finally. allhou|h they have not yet been the nibject of any modeling study 
thai has included solvation effects, .l^acctylietronic and ^acetyhetramic acid are 
very interesong solutes to consider. Each has more than lO plausible taulomers— 
only the lowest^energy strucltues. as calculated at both the AMI aod MNDO 
levels by Brosighton and Woodward (336). are shswn above The ezperiosental 
situation in chloroform, as dclenruned by NMR. remains unclear with respect to 
preferred structure. Gelin and Polkl (33?| and .Saito and Yama|uchi (33S) have 
offered contr&sung mterpretaiions of the spectral data Broughton and Woodward 
note that their semieoipincal gas^phase calculations are in accord wiih die spectral 
mierpretation of Gelin and ^Uet. and as a consequence they suggesi that 
solvation effects do not affect the lautomcric equilibrium. It seems evident that an 
investi|ation using a suitable chloroform cononuum mcdel would he worthwhile 
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The present author luve eufoined dve equhbriiim tetween the lactol 3«hydroxy« 
2^methylletrahydn>faran S2 aj>d M com^ponding open cluin hvdraxyketone SS 
usin| ibe SMl. SM2. and SM3 jftodtls The eipecimntal ^ituaoon indicates dtal 
(he two 5itmcture$ iire present in rca|hly equ^ prcpofocns in nort^pcUr medra. 
wlule in water omt of the lactcl form is observed |329|. Making a reannable 
sumption about detection limits. Ihs sets a losyer bound on (he djlTerenUal free 
energy of scrivation for the luo isomers of atcul 4 kcal^oiol. Caiculaocn of the 
dilfmnuaJ free energy of transfer from the gar phas$ to aqueous solulion usiog 
the SMI. SM2. and SM3 models gives vaJues of 4a. 3.d. and 4 4 kcal/mol 
respectively. These results are probably scoienhat see rmoJI sirue availaUe 
experimentai vaJucs are for (he free energy of tnnsfer from cyclohexane to water 
Moreover, only one conformation of each uuuomer wa^ considered. For the 
hydroxy ketone, die .semeropirual mc^ls aU predict the illtmated conformaOcn 
having the intrarooJecuUr hydrogen bond to be lowest in energy, but this system 
.shoiJd te revisited with an SM4 water mctiel Unfortunately, the ga^pluse 
energies are required in order to calcdate Ihe free energy of triinsfer from one 
solveni to ar>olher when miJlipIe conformations are involved, and this makes (he 
problem somewhat more challenging 

i Dynamic effectv ia kinelicv and spcctruacnpy 

The simplest generaJiaaoon of fre e ^ncrgy^f^solvation concepts to dynamics in 
solution )s provided by (ransidon stale theory. In convenoonaJ transition ctaie 
theory, the rale constant of a chemicaJ reacoon at (emperature T is given by 

I (D • ifil a:--* cxp{-AC**® (T) i m (59) 

h 

where 4g is Boltzmann's constant. A )s Planck's constant, is unity for 
unioiolecular reactions and Ihe reciprocal of the standard slale concentration for 
bioiolecular reacdons. and (D )s the standard^state free energy of 
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ii£tivaUoo of the saddle point Per reactions in soJotion^ contains a 

soJvaiion conlhbotion which equaia Ihc free coee^y of soJvaiion of the tjansiticn 
state nunut the free energv of sclvaoon of reactants |6^6?|. To |o beyond the 
conventional theory, we oiuu define a reacoon coordirtaie s and generalise Ihe 
fro energy of soJvaiion to be a ftinchon of that coordinate, dus is done by 
generaJising (33Q-3S3) the cooc^ of potential of mean force [At. SI to 

treat generalised cransnion states defined at arbitrary Iccationa along the fraction 
coordinate. The revolting standiird^slate free energy of acOvation as a function of s 
(caUed. for short the free energy profJe} ia given by 

® (r.5) s (r.i) ♦ AcJ (i.T) - AC?<^ ir> m 

where aJI quanooes are standard^slate ones ai temperature F, and the fust lerm oo 
the nght4iand side is the internal standard^.state free energy of Ihe solate at r. the 
second Icrro is the free energy of solvation at t. and cte third term is the free 
energy of solvation of the reactant species Note thai the last term is an 
equiiibnuro quanthy. bsit Af/J (a* 7^ is a generalized equilibrium quantity 
(sometiroes called a qtiasieqiiilibnuoi quantny) for aoy choice of s, even the gas^ 
phase saddle poinu because both Ihe convenoonaJ and generalized transition states 
have one less degree of freedom lhan eqtulitaium species. 

Even at this level of dynaoiKol theory, one is rwt restricted to considering 
eqtulibnum solvaoon of the gas^phase saddle poinl or of configuraoons along the 
gas-phase reaction path (109. 338-344). and to the extent that Ae solvent is 
allowed lo affeci the choice of the reacuon path itself, dynaroic (i e. 
mnequilibnuoi) solvation effects tegin to appear in the theory. 

To oiore fully appreciate the equHibnum osodels. Idee 3CKP theories, and 
their usefulness and limitauoru for dynamics calculations we roust consider three 
relevant times. Ihe solvent reJasation tioie. the characteristic lime tor solule 
nuclear motion in the abac rare of coupling to the solvent and the characteristic 
tioie scale of electrcmc motion We treat each of these in turn. 

First, coosider the solvent The chanclenzalion of the solute-solveot 
coupling by a relaxation lime is based on aoalogy to Brownian motion, and d>e 
relaxation tioie is called the frtcdcnal relaxaiional time Tyr. Ii is the relaxation time 
fer mooientuoi decay of a Browruan motion in the solute coordinate of interest 
when It interacts with the solvent under consideration. If we call die subject solute 
coordinate x then the component of Imctional force along this covdinate rruy be 
written as 
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where M the reduced cna^^ for motioo alooj coordinate s, ( is Uie fncdonal 
corutaoU and t is tmte Then tbe momntum (or velocit)^) ibr Brownian rrvotioo in 
coordioaie s decays as [it. 345. 346) 

VVnlins tbe rT>oment\im decay fuoclion as e^^^yields 

I 

V--. 

Even if we consitkr a ^ingJe solvent, t g . water, at a ^logle temperature, say 
2 ^SK. ^ depends on the solute and )n fact oo the coordinate of Ihe scriute which is 
under ccnsderaticn. and we cannot take a^ a constant Nevertheless, in the 
absence of a roolecular dyruimics simulation for the solute oioooo of interest. Xf 
for polar solvents like water is oflen approumated by the Debye oiodel. In this 
mcdeL the dielectrK poJahaation of the solvent relaxes as a single exponential 
with a relaxaoon tioie equal to the rotational (ie . reorieolational) rdaxadcn tioie 
of a tingle roolecule. which it called t^) or the Debvc tiroe (33. 34?|. The Debye 
lime oiay be associated with the relasaocn of the trans^erte component of Ae 
polarization ftdd However the solvent flucluations and frictional relaxation occur 
on a faster scale given by (34&349) 

n»(u/«o)'D (63) 

where £«« it the infinite^frequency relative permittivity, and U it the stalic (i e.. 
xer^ frequency) relative perminivRy. (At constant temperature and presture. the 
relative perminivity is Ihe dielectric constant.) The quantity Xi it called the 
longinidiruJ relaxatioo dme (3)0. 351). Dielectric ditpersion meaturementt (352| 
on water yield t«« s I S. 63 s 7S.5. and tn & S j ps. and hence Xt - 0.3 ps. Thus 
t/sOJ pt 

Next consider the solute We will again caJI the relevant solute nuclear 
ccordiruJe s and the characterisOc time now X^ For a Ihermallv aedvated bamer 
crosting. where 1 is tbe reaction coordinate fee passage over an effective potendaJ 
at temperature T a reatonaUe expretskin it 

(64) 



m 



where the barrier is written m the viemitv of its maximum 
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Nett (hat the imag^fiajy frequeocy a&$ociattd with such a biifner is lU)' For a 
bound fDodc with frequency an analo|ou^ apprcairDaucn would be 

t,»V0Mb (66) 

The solute electronic Ume scale will be called . It may be 
approxirruited as h/A£]^ where AE] )s the lowest (spin^ lowed) electronic 
eacKaUon ener^ of (he solute 

A fuliv realistK pscrure of solvatioo would recognize that there )s a 
distnbuuon of solveol reJaxauon dmes (for several reasons In particular because a 
second dispersion is often obseevaUe in the macruscoptc dielectric loss spectra 
because the fricuon conslant for vancus rypes or mc^5es of solute 
OKKion may be quite different, and because there is a fast electronic coorponenl to 
the solvent response along with the slower components due to vibraiion and 
reorientation of solvent molecules) and a distribution of solute electronic 
relaxation omes (in the ocbilal picture^ we recognize difTereot lowest excitation 
energies for different orbitaJsi Nevertheless we can elucidate the essendal 
pbysicaJ issues by considering the three tiroe scales t/v and tei^ 

The SCRP mc^ls assume that solvent response to the solute is dominated 
bv motions that are ^ow on the solute electronic motion tioie scales i.e « » 

Thus« as explained in Section 2.L the solvent '"sees"" the solute electrons 
only in an averaged way It in addioon lo the SCRF approximaoon. we iruke the 
usual Bom^Oppenheimer approzimation for the solute^ then we have » teieei 
In this case the scriute electronic oiotion is treated as adjtisong adiabaiicaJIv bcah 
to the solvent motion and to the solute nuckar okkioo. 

For gas^phase molecules the asstimpoon of ekctrcnic adiabaticity leads to 
the usual Bcm«0|^enheimer approzimauon^ in which the eJectrooic wave 
function is opuoitzed for fixed ot^lei For solutes^ die situation is more 
complicated because there are two types of heavy^bedy motion^ the soItJe nuclear 
ccerdinates, which are treated oiechanicaliy^ and the solvent which is treated 
statistically. The SCRF procedures corre^ond to cptioiliing the ekctronic wave 
funcoon in the presence of fixed solute nucki and for a staiisticaJ disiributnn of 
solvent coordinates^ which in rum are in equilibdtun with the average electrooic 
structure. The treatment of the solvent as a dielectric material by the laws of 
classical electrostaocs and the treatmeni of the electronic charge dastribudon of 
the solute by the square of its wave function correctly emtcdies the result of 
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UAH^ucall} avetii^fig over a dwnnaJ solvent in e^iiiltbciiun with an 
(adiabaoc) scriule charj^ diAJibuli^ (Jecau^ (he 5elf<cnsistent calculaiion of 
ibe adiabatic sclate elecininjc distnbuticn and the equiiibnum polanzation of the 
solvent IS carrjed osit at fued solute atooiic coordinates^ the treatment cceresponds 
most precisely to the case t# » t/ » t^ifc 

There are cases where the Ume scales do nol satisfy these assuroplions 
Effects due to the vicriation of ^ are often called nonequihbnuoi solvation^ 

and effects due to the violabonof Xf» ^ often called nonadiabalic effects. 
The laOer effects have been studied pnroanlv in the context of electron transfer 
reactions. In electron transfer theory the interesting case of » Xf arises, and 
this )s called rvonadiabaiic electron transfer. It occurs coounorJy f^ outer^sphere 
electron transfers in which &E\ is very small )n the critical confisuraUon. For 
example AEi might be the erwrgy difference of the syoiroetnc and anosymoieou 
delocalised combinaocns of the luo h)cal) 2 ed configurations Fe^^Xs« Fe^Y^ 
and Pe^Xg.Fe^^g. where X and Y are ligands, and indicates only weak 
interaction between the ferrous and feme centers In contrast for typical cheroicaJ 
reactions involving the oia)cing 9od/of breaking of tonds. as well as for oiany 
inner«s|riiere electron transfers r'lnner^sphere"' electro transfer refers to the case 
in which a ligand ts part of the coordination sphere of both the donor and titf 
acceptor), we have V » Yelec. H*htch )s called the adiabaoc case For adiabatic 
electron transfers it is often assuosed that % » Xf in which case the rate constant 
decreases as Xf decreases This regime is variosisly called high^fnetiorv (67). 
overdamped (3331. solvent^cootrolled adiabotic |356|. In adiabatic bond 
rearrangements (i e . ordinary chenucal reoedons) on the other hand, one typically 
finds Xf - in which case fncUonal effects are small but not necessarily 

completely ne|Iigible |357«359). if tr ^ this might be called bond^coordinat^ 
cootreriled adiabatic The other adiabaiic case. Xf » Xs » T^iee (6 called the low* 
incoon |67]. energy difftision |333). or strong adiabatic (3j6| limit. In this case 
reaction is cmitrolled by the rate of activaomi of reactants to the transition slate, 
which is not in etjuilibnum with the reactants The scenario jtisl sketched leads to 
a partem of the rate constant increasing with mcreasing friedon at low Inctioo. 
then becoming independent of fncoon. then decreasing as friction increases 
further (67). This pattern can also be observed in the rvsnadiabatic case, but in lhat 
case the fficocn^mdependent regmo ts wider (360) When qtianltim mechanicaJ 
effects are important, ncne^uilibnum effects may bx very large (361)— this 
regime rveds further study 

The SCftF models should bx tiseful f^ any of the adi^aiic cases, bul a 
mere ^uandtauve treatment would recognize at least three lime .scales for 
fncDonal coupling based on the tiiree dotes scales for dielectrK polanzalioru 




r I C6LAMER AND D n nUtHAH 



naoielv c]ectrcnic« vibritiDnal. and OrKfitaoooiJ^ with 

» The convenient adiabohc hnui is never totally appropriate 

because V A - eveo when V.«ib» tei«« 

One imporlaru phencmenco that sooietimes occurs when triet 2 it 
soJvenHnduced charge tocaJizaoon Thut, evon Ihcaigh lltf adiabaiic stales are 
^localized, the soJvent^induced slates are not. Consider the sysleoi 
Fe^^X^.. Fe^^g. which is Ihe reactanl of the cuter^sphere electron Iransfer 
reaction mentioned abovo when X s Y. Clearly the ground state involves a 
syiranetric luiear combinaJion of a slate with the electron on the right (as written) 
and one with the electron on the left. Thus we could create the localized slates by 
using the SCRF method to calculate the symmetric and anlisymmelnc staoonary 
stales and ta^cuig plus and oiinus linear combruiiions This is reasonable but does 
not take account of the fact that the orbitals tor non^transtorred electrons should 
be opuoiizcd tor the case where Ihe transferred electron is localized 4in contrast to 
which, the SCRF orbitals arc all r^tumxed for the delc<alucd adiabatic structure). 
The role of scrivenHnduced charge locaJizaoon has also been studied tor ionic 
dissociation reactions |l09j. 

Kavmg obtained the charge^locaJized state, the dyruimics of electron 
transfer can be treated as a tiose^dependent configuration inlecacoon problem 
(356. 362-364) In this case (he two configurations would be taken as Ihe left 
localized and nghi localized ones A mere general treatment, applicable in (he 
regime (365) where electronic coupling is larger (i.e. tei«( is soiallerj. but 
electronic motion is ^ 11 not adiabatic, would involve a 3«state Cl composed of 
the ddocaliaed adiabatic state intemeung with the two kcalized diabaoc ones 

In electron transfer reactions one studies the con^er^ioo of an electron 
stale Iccalixed on A to one Iccalixed » B One can also consider the relaxalion of 
j charge localized state to the adiabauc delcolized slate (36A| 

The oiosl general available treatment of solute eleclronic structure that 
does not make the SCRF assun^tion that solvent electronic motion is slow 
compared to solute eleclronic motioo is provided by the coherent^state 
tocmulaoon introduced by Kim and Hyoes |lfl9) arid generalized by Bianco et dl. 
(lll| Hynes and coworkers denote the SCRF linul sioipiy as SC They call (he 
opposite litnit (109. 1 33). in which (he solvent polanzaoon is fast con^ared to the 
vacuum striute electronic time scale, the Bom^ppenheimer (BO> limic which 
should not bt coofused with the usual Bom^Oppenheimer approziroation for 
s^araong Ihe electronic and nuclear mouoos of a gas^phase molecule or of the 
striule Kim and Hynes note duJ one might also call this an adiabatic limit, which, 
they correctly note, would intrcduce other possible confusions (Adiabatic and 
sudden horns have a tong history of introducing confusion m many fields since 
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<he of an iidiabattc lijnit n always another adiabaDc limit Consider (or 

example, she case where i has a dme scale that is rapid ccoipared ic ihe 
cofurallcd. sk>w mcaicn of y: shen x adfisLs almost adiabaiicaJIv cc that mcdon^ 
and one can treat x by an adiabaoc apprcxicnaUce^ or y by a ^dden a|^roxijnaJion 
But the opposite limih where x moves sUnvIy compared to the ticnescale of y is 
also an adiabatic lirml with y ad^astinj almost adiabaocally to x» and x oiay be 
treated by a sudden approximation. Punhermm. even iin^r the same coodilions 
X may be sudden with respect to y. but adiabaoc with reject lo n To avoid 
aoibijdly one oiasl be specific about which Iwo variables are under consideration 
which one is considered lo be fasi ai^ adiabaoc. This may. of coarse, be 
obvioos from context, but often it is cnore obvious to the author than to the 
reader') 

The effecUve fre^ueruies that charwclenxe solvent response can be 
chamclenzed owe quanoiatively frooi severe points of view. includin| 
|eneralixed lan^evin the^ |3b7«3T2). Brownian oscillawx (373. 374J. and 
instantaneous normal modes |37S] 

In addilion lo the intrinsic lime scales of the svstem t/. and one 

oiay inircduce an additional ome scale bv the nature of the oseasurement For 
exaiT^k. electrooic absorption spectroscopy oiay probe events on a time scale 
t5p^f that sail sties tp.viV» In this case the excitation would 

occur to a state with the electronic contribution to solvaoon operative but the 
nuclear solvation cccrdinates frozen in their inioal state. A dimcl analog would be 
(as^phase ultraviolet or visible spectroscopy with » t^i^. This leads 

to die familiar Pranck^Condon pnnci|4e (I IS) Mcordins to which the electronic 
state IS changed bul the nuclear motion is frcsn during the exatation. In solutioo. 
this leads to the |eneral observatioo that emissioo is red^ifted relative to 
absorption, since the orientational componenLs of solvatioo are optimal otiy tor 
the inioal 4in this case, excited^state) configuration. 

Because of the economic ioiportance of dyes, the cakuJation of solvent 
eftects on electronic spectroscopy using the SCRP cnethcds has been a subject of 
sigrufKanl intereA The interefling dynamical issue thai arises in this context is 
the fact that solute electronic excitation mav bt viewed as occurring essentially 
instantaneously on Ihe solute reonentalional ticne .scale, as discussed in Ihe 
preceding paragraph. We refer Ihe reader to the original source literature for 
further details (167. ISO. ISI. 2l«. 29K. 399.376^380) 

The reader it referred to revkw articles concerned with dvnamic solvent 

t 

effects for further discussion of the inlerestin| issues involved in a|^lying 
conUnuuoi and explicit solvation models to dynamical situaoons (333. 3SU3Sd) 
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4 CoDcludiofi remarks 

There hat been uemefidous progress an die development jnd pcnctkal 
implemenlaiion of useful continuiijn solvadon models in the Iasi Ave years These 
techniques an now poised lo allow quantum chemistry to have the same 
revoluiionary iiopact on condensed*phate rhemisuy as Ihe Iasi 25 years have 
svilnetted for gas*phase cheioisiry 
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Abstract 

Thforetical coouderatiofu lesdlog to % density biocUooaJ theory (DPT) 
fonnuIaLoo of the rcacuon field (RP) apprach to solvent etTects are dis« 
cussed. The fnt nvodel Is ba^ed upon isclelectroruc processes that lake 
place ai the nucleus of the host system TIk energy variations are derived 
from the nuclear transition state (ZTS) nvodel Tbe solvation ervetjy is 
expressed in terms of tbe eleclrosiatic potential at tbe nucleus of a pt$edo 
atctn having a fractional nuclear charge This procedure avoids tbe in« 
traduction ^ arbitrary iooic radii in the calculation of insertion energy, 
since all integrations involved are performed over |CLoej Tbe t^uality of the 
approximations made are discussed within the frame of the Kobn^Sham 
formulaijoo of deosity hinclionaJ theory 

lolroduction of tbe stadc density response furvcxion for a system with a 
constant cumber of electrons yields the tlF - DPT model This secorvd 
approach is expected lo be more useful in the analysis of chemical raacdvily 
in condensed phases 
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It ro>m£AAS er al 



1. IntroductJoD. 

The phyuc^ propeclie^ of Alonu aj>d moJecule^ eoibedded )n polar liquids 
have usually bttn described )o the Uum of the efftcUve medtvm approx^ 
ioiaUon Within this models the soJute^lvent interactions aje accounted 
fex by means of the RP theory (1^3). The basic quantity of this tocmalism 
IS the RF potential It is tisuaJJy vanabonaUy derived from a oiodel en« 
er^ funcdonal descnbns the effective energy of the solute in the field of 
an ealenuJ electrostatic perturbation For inslance^ if a siogJy negative ce 
posdve charged atomic iyU£Ui is considered^ the kP potential is simply 
giveo by 

In Eq (IX CMC} IS the kP response factor depending on an effeclive di« 
electric constant S 1^.3). ^nd the qtianlicy in bracltels is the elecrroslalic 
potendaJ of the ion expressed in terois of the nuclear charge 2^ the 

ionic raditis rx particle deetjon densitv p(?) 

If wc introduce the following definition for the net charge of the ion 

j ( 2j 

then« the electrostadc solute^solvenl mterocoon energy is simply given by 

| 6 | 

Using staiisticaJ therrrKxiynajnic arguments rt may be e&silv shown 

that the (Seen solvation free energy may be written as (S): 

(4j 

Eqitadons (1)^ (4) have been generalised to molecules (2«340«I3J« in the 
contexl of the sdf consistent reaction field (SCRF| theory (14) 




SOtVZKT SmCTS IN TKS COXl^CTOP OENStTV PUNCITOHAL TUEOftY ^ 

lo the BofD Uli£ approaches to sclvariofi energy^ the eleclmtattc poten^ 
till of the ion appears the ba^ic variable of tbe theory From Eq (1)« h 
may be seen that if ^ have accurate electron densities at haod. the elec* 
trostatic potendai strongly depends on the ionic radius The choice of 
suit^le iooic radii usually intrcdtices some artalrarir^ess to the calculation 
of A£fch ' there is no a physical criterium to justify the use of empirical 
f4 values coming from ditfereot sources [15*16] 

Physically meaningful ionic radii may be obtained from Poisson equa* 
tton tor anionk ar>d from electrostaiic potentials defirsed in the the context 
of for caiiorts (l?4S). Hosvever^ there remaios (be problem of be* 

iog forced to use different mathematical criteria in both casek because the 
electrostatic poteotial of ar^ions and caUoos display a different functional 
behaviour with respect to the radial variable 

However^ if we coosider a mcdel of lor^ solvation that uses the electro* 
static poteotial at nucleus t 




as the baste variable, anior^s and caUoos may be treated within a unified 
formalisrru This procedure also avoids the problem of introduciog empirt* 
caily adjustable iooic radii« since all integradrms are performed over 

In tbjs review we discuss the theoretical frame w^ich may serve as a 
basis frv a DPT formulation of solvent effects for atoms and molecules 
embedded in polar liquid environments. The emphasis is focused oo the 
calculation of solvation energies in the cootext of the RF model including 
the denvaiion of an e(Tect)ve ersergy functional for the atomic and molecular 
systems cmipled to an electrostaiic external fieid. 

The article is orgaoiaed as follows in Seebon X a general discussion 
concerning the definition of electrostatic prcentials in the frame of DPT is 
presented. In Section .1. tbe solvation energy is reformulated from a model 
based on isoekctrooc processes at nucleus. The variational formulaboo 
of tbe insertion energy oaiurally leads to an energy functional which is 
expressed in terms of tbe variation of tbe electron deosity with respect to 
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variation of the external potential tor a fixed fuimber of electrons. In 
Section the retuiuog expression of the electrotuiic sctvaiioo eoer^ is 
discutsed in the coolext of tbe nuclear transirion state (ZTS) model The 
quality of the approxijnationt made are tetted aod ditcutted ^itbin the 
Kohn^^ham fonnuiation of deosity fuoctiooal theory. In Section 5. the RF 
model tt reformulated on ihe bastt of ihe ttatic lioear response function of 
DPT. The SCF version of ihe DFT-RF model is derived. In Section 6. a 
geoerai discussioo of the ZTS^RP and DPT^KP models is preteoted Otir 
cor>clusions and future developments are iocluded in Seclioo T 

2. Clectrustalic Potential and Reaction Field Theory* 

For a spherically symmetric charje distribution^ an exact relationship be« 
ttveeo tbe electrostatic potential and the electron deosity is the Poissoo 
equation 



y»fr) 2 »$(r) 

dri dr 



m Arp(r) 



< 6 ) 



Because p(^) > 0 everywhere, io ihe cnttcaJ point defined by 
0. we have > 0. su^esung the exister>ce of a minimum for a rioile 

distance r^. (5 < from the nucleus. Sen aod Pohtzer (19). shown 

that ^r) for anioos displays a nonrrvonotonic behaviour with a characterise 
tic mioimum at r*. Takiog into account spherical syrrunetry. these authors 
proposed the fel lowing normalization corsdilion for the electron density in 
the region 0 < r < r* : 



J s 4ir 

Equatioo (7) guarantees that the minimum )n the electrostaUc potential 
is attained at the critical poiot r* defining a sphere &Q, which coolains 
an electron density amount equal to ihe atomic number Z. From eq (7) we 
may conclude that the charge normalization condition for rseuni atorrtf 
may only te satisfied for r ^ oe whereas for cations it is never satisfied 
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2 I ELECTROSTATIC POTENTIAL R)K ANIONS. 

For snjly negative duir^ed atcov. ibe clecoostatic pottnlial ai the surface 
of S(Xf*) IS pven by (19) : 






< 8 ) 



Equfliicn <S) shows that for iifiions. is c%cluuvc\y due cc the elec« 

ln>n density beyond the surface of In orher words, the eleclrosraoc 

porenUal at the surface of ^0. e*) is due co the excess charge of the anion. 
Furthermore, because is a minimum, we nuiy cooclude that it rep« 

resents die inleracScn of the anion with a positive charge w wscuuw. In 
soluden. after multiplying ^(r^) by the RF response factor according to eq 
(I). we may conclude lhat represents the interaction of Ihe anion 

with a poi^^tfcn ctk 2 rg$ distributed on the surface of S[0,r*) which, 
accordiog lo KF theory, di^lays an opposite sign lo lhat of d>e source 
charge distnbulion The soJtite^soJvent electrostatic inlerucdon energy is 
then readily obtained from e^ (3). and the Been soJvatioo energy vie eq (4). 



2 2 ELECTROSTATIC POTENTIAL FOR CATIONS. 



From eq (7) it m^y be concluded lhat the charge nonoaliaation condidon 
IS never satisfied for catioos. As a result, the functional dependence of 
with the radial variable is quite different in this case For inslance. it 
roay be easily .shown thal displays a monotonic decreasing behavior 

without extrema points along the complele domain of the r variable As a 
result, expression {i) for is not longer valid for singly positive charged 

atomic systems. 

it IS however possible to obtain a physically meaningful representadon 
of for cations, in the context of density functional theory. The ba« 

sic expression here is the fundamental stationary principle of DPT. which 
relates the electrcnic chemical potential p. with the electrostatic polen^ 
tial and the funcoonaJ derivatives of the kinetic and exchange^correlaiion 
contnbuoons [20|: 
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whtrc 7lp(^* ^ kificbc^ exchange and corralation 

energv fiuKhonoJa^ respectively Miuer et al |20) showed dul E^ (9) oiay 
provide physicaJIv oieaiungfiJ dectruslatic potentiaJa aj>d atomic radii in 
the hvne of the simple Tbomas^Feruii^Dirw: (TPD) theory. Per this irmieL 
analytic simpJe expre^^kin fex the kinetic^ exchange and correJaden energy 
ftuKlioruiJs are available and it tecome^ possible lo find a crilicaJ density 
for which (he cheroical pctenlial p does exactly equal the negative of 
the electrosiaiic porenlial This cndcal poiru is determined by 



6T ^ S(Er^E^) 

6p(f) ip{f) 



Equation (10) is satisfied within TPD oiodel. for a cntical vahie p*(r) s 
0CKB72 |20|. Use of accurate atorruc Hanree-Fock wavefunclions ( 21 ) (o 
evaJuole Ihe electron densitv aUowed the authors to obtain a set of cnOcal 

t 

radii for neutral atoms associated (o which resulted in a remark* 

able good agreemenl with ihe covalent atomic radii. Application of (his 
procedure to a senes of singly charged moooatomic nos also produced a 
(oed agreement between and ionic radii (1 7) In the case of doubly 
charged alomic cations however such a good corrcladon was not found 
iiris) 



With physically mcanin|ful ionk radii ai hand« it is a rather simple task 
to evaluate the electrostatic properties of solvaled cations in Ae frame of 
Bom formalism For mslance^ we may redefine the nee charge of the ion 
given in Eq (2) as follows * 



Q a* 2 - 4rr 



fhysicaliy^ Q represerUs the amount of charge inside the sphere S{^ fp) of 
radius f}i centered at Ihe nucleus. We may then associaie to this nel charge 
Q. the electrosiaiic potential ^ ^hich is the electrostatic p^ 

teolial al aoy point r 2 r^ that is created by the nucleus and the electronic 
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clurge H'lthin S((t^ Moreover (II) giufoiitfiei that the declrastolic 

potential al f 2 fp is the same as )f the char|e was concentraled at the 
fuicleus. This feature is ver)^ loiportant because it allowa, within the Been 
formalism of ion solvaiioo^ the cenlniJ charge ^ to be considered as the 
hmil of an ideal dipde centered at the origin of a spherical cavity repre^ 
sented by S[(^ 

According lo the above argument the cer^trcl tiecfrcjtatic pctfwol 
of an atomic ion m the Reid of a polanaabJe environments will be 
given by I 



( , 2 ) 

where € is an affective dielectric consiant ct the oiediuois 

According to (he vblual charge model of Ccnstanciel and Tapia (2)s 
the same potentiaJ may be reprcduced al the same point in vmiimi. if 
we introduce the polarization charge (d )« distributed on the surface of 

S{0,rM), such that 



fg + ty^) _ Q 



< 13 ) 



EpuaUon {13) entails the following definition of die polanzsUon charges 

12-J): 



«“(<) = - (i - i) e ,14) 

wnh Q the central charge defined bv Eq (2) 

Prom Eq (14)s the KF potential prcduced by is 
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The elecoo^tatic )fuet££ticn energy belween the .vhite (repmeiued by 
(he charge dislribiiuon Q) »j>d ihe polanzable medium represented by the 
induced charge distnbwon Q^i€) tecome^ I 

, i) ^ ( ,6, 

and the elecoostadc free energy of sclvabon obujned frooi 







( 1 ’) 



which 18 (he well known Bom formula, expressed a& a funcuoo of the central 
charge Q, and (he cnlicaJ radiut r. 

Per calculational purposes, the basic quantities Q and iire 

obtained as foJJows : a) Prcoi accurate atomic wavefunctioos^ the eleclrcn 
density is obtained by numened iruesraoon^ (b) with the eleclrcn density 
at any point at hand« the fy values iire obtained by the simpJe reading 
of the distance at which pff) artarna the critical value of OOOV2 electron 
tinita and (c) the centnl charge and the kP potendal are readily obtained 
in terms of fp and Eqs (II) and {IS), respectively 

in spile of the fart that the electrasiadc solvation free energy for caoons 
was derived for an hooiogcneuos electron gaa with a posbvc back|round 
charge distribution, i.e without speci^ing Ihe sgn of the total charge^ 
il IS found that this formalism is not applicable to negadvely charged 
mcnoatomK ions For mslance^ in the case of the fluorine ion« even though 
the cniicaJ fM value is very close to (he crystalline ionic radius, we have 
found that the corresponding sfrfiere ^O.fp) only contains abosit S0% of 
the electronic charge and as a consequence^ only 254 of the electrostatic 
solvadon free energy would be accounted for in the Auorine ioo within Ihe 
cenifiiJ charge and central poteolial model. However, if the fluorine ion 
IS treated on the basis of the electrostatK potential derived from Poisson 
equalioru a good correlation with Ihe experimental value is obtained 
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TABLE 1 > Electfo&tftUc properties of solvated too^. 



lun 




ri 


g 




4k' 




Ld* 


) 38 


1 3) 


1 no 


-0 354 


-11’.’ 


•122 1 


No* 


1.93 


1 79 


1 129 


-0 321 


-H7.6 


-98.4 


R* 


2.69 


251 


1.200 


•0 288 


•1084 


•80 5 


Rb* 


3.18 


2SQ 


1228 


-0 270 


•1038 


-75 5 


p- 


IW 


2(7 


-1.00 


0 350 


-1097 


89 5 


cr 


3 08 


3.15 


liX 


0 248 


-77 9 


-75.1 


Br- 


3.38 


3.44 


• 1.00 


0 226 


-7(3 


-692 


r 


388 


3 89 


• lJU 


0.2£M 


-Ml 


-60.3 



^P^edict$d fcfffc ndU r*. openm^tol iMic ^odu cent^i cbarge Q Md 
RF pMHfio} /A atc^sc Mio El^arcsidftc /r$e efte^gies of solvofion, 
in kcol^nci E:^enmentol m/mx frovf rtfirence fidj. E!ectrosfoDc 
po^^ntiol for onions from r ^ k m ce fl9J For oil colcolotions done, the ^ 
frcSM dislectnc constant reported in fl6} was used 

Table I uuTtfnahxe^ the resiJts obuuned for the electrosuuic properties 
of solvated ajtion^ ajtd calions usinj the diiterent electrcsuiiic potendal 
mcdels di^ca^sed above. Per caoons. a remarkabJe |ocd ii^nemenl be« 
tween the predicted looic riidii with those reported in reference (33) The Q 
values surest that the enajer pan of the electron dendey (about 90^^ for 
Ls^ and Ms^ and S04 and Rb*} is confuted within dte correspoodins 
sphere ACLr^) The quaJitv of Ihe corre^pondutg predicted values of the 
scJvaoon free tntrgy^ strongly depends on the quality of the repteseno^ 
lion of the electron density inside the sphere S[(Xrp) overaJL die central 
charge mcdel does reproduce the correct trend in the observed solvaoon 
energies for Ihe series of cations selected It is also interestutg to note lhat 
deviations frooi expenmenlal values increases with increasing number of 
electrons in d>e system This fact oiay be associated with the quality of 
the atomic wavefonedons used to build up the electron tknsity Hanree^ 
Peck wavcfunctions do incorporate exchange exactly, whereas correlation 
elTecis are completely ignored Improveoients in die predicdons of solva^ 
den free energies are expected by incorporadng correlation effects within a 
Khor^^am like scheme of calculation of Ihe electron density. 



Por anions, the charge noruializadon condition |iven in Eq (?) guacan^ 
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)O0^^ of the txct^i electron densilv )s oiu of the corresponding 
sphere SiO^r^x so Ilut Q ^ -1.00 for ^1 the senes. This is consistently 
reflected in the values reported in Table I. which compares better with 
the eapenmenlal vaiues as compared to the cadon senes 

in sumoiajy. densitv funcuonal theory provides reliable nnd physically 
meaningful loruc r^i to be used in the calctilaiion of elecirastaoc solvaoon 
free energies, for singlv positive nnd relative charged atomic ions. Perhaps 
the most serious dsortcorrung of this approach lies in the iropossibilicy of 
Ireaung cations nnd anions within a unic electroslatic effective polentiai 
mcdel In ^ite of this hct, we havo shown llut in both cases ii is possitrie 
tn describe the electrosiadc solvation energy within a Boro like foruiulaticn 



J. Solvation Enc^y from Isoelcclrooic Processes at Nucleuri* 

J I THE CHaROING model. 

It IS possible lo develop a unified model of solvation for anions ai>d caiioos. 
if tbe classical Bom chargtog process |S] is replaced by a Noyes like charging 
prccess |Iti) This last model represents the lomersion of a charged atom 
into a lu^uid solution through a three step hypotheUcal cycle l a) io gas 
phase, ao ion is converted iolo a neutral iscelectronic species by removing 
or adding a nuclear charge uoily. (b) the reauldng neutral system is added 
to the lit^uid solution aod (c) the original charged aiorruc system Is restored 
by tbe opposite process described io (a). If the non eleclrt>stutic (cavita^ 
lioo) energ}^ contnbuOoo (step b) is neglected, the electrostatic sotvaDoo 
energy reduces to the sum of the coolributioos (a) and (cl. 

These succesive isoelectronic processes may be represented, for the in« 
mersion of a charged monoaiomic ion A* say. by the cycle described io 
Figure I. Where X is ao auxiliary Isoelectronic oeurraJ system. According 
to the cycle shown in Figure ). we may write the Insertion eoergy vanailoo 
as follows^ 



Z + 1, Z + 1 ) a A£*(Z + I, Z ) + AF.cz, Z ) + AF,(Z, Z + 1) ( IS) 
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( 2 ) 

X<,* 



dE 



lii 



5 Ek 



Au) ' X(i> 

(2^-J) (ZJ 

Figu^ J Tlfermod^kimic cycle to achieve the inserttcn of on arht/rary 
ion info o ccnftnuwn dielectnc mediutn 



Whtre HEq <Z 4 I, Z) repreMnh the lolal et>ergy vanaticn tor the i^oelec* 
trorac change in vaccm, AE^lZ, Z) reprewu^ (he totaJ energy vanaiion 
a^wiiJed tc the insecOon of ihe netinl i&celeciJDfuc species into Ae 
lu liquid and Z 4 I) denotes (he tceal energy vinaDon for dte 

cpposte isoelectronic procoss tc step (aK lo the presence of the polanz^ 
able medium. This last (quantity does not only ditTer by an oppasrte srgn 
to that of &£g iZ 4 I. Z) bnt aJsc coruains Ihe polanzaiion effect dtie lo 
the elecirastaOc intewlion wilh Ihe mediurru Moreover. \S we m iruer^ 
esied orJy in the electrosQUc ccntnbnoons lo A£4 ai(Z 4 1. Z 4 1). the 
(^uanlily &&(Z Z) rep/esenong the work ret^uired to term the hoJe m Ihe 
polanzabJe host where the )on add be embedded, may be neglected to give 



Afi^,(Z+l.Z + l)aA£:{Z+I.Z)+Ar,(Z.Z + l) I 



in the sense that hereafter A£« wUI be considered as an elecoostaoc eo« 
ergy vanadon 

k is then possibJe. within a Noyes like charging model to obtain Ae 
elecirastaoc component of Ihe insertion energy depressed as a sum of two 
contritanion coming from two opposite isoeJectroruc processes lhat takes 
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pUce ift yocmm, and \n At preMfict of an o;tfimaJ (ttli mpcctivHy Since 
dw ener^ vananofu associated lo these isoeJectrofuc processes are tomu^ 
iated in terms of a vaiyinj nticlear char^e^ keeping the number of electrons 
fixed. It seeoi^ then naiural to obtain the eapressen^ for A£j (Z ^ h Zt 
and aKa 7 Z * l> vxo the differential Mtl/man - FeynmM <HP) theorem 
(32) as foJIow^ * cooaider ihe charged aiomic ion as a system containing N 
eleclrona onving in a local external potential The hamilconian f^ 

such a system )s * 



g(Z) 6(r'„ 2) f 20) 

^Sl 

where T and are the LinetK energy ar>d Ihe electron repulsion potential 
operaiers^ respectively, and WT\ - X Z) the ealemaJ potential repn 

resentin| here At nuclear^ectron adracuon optrwt. Applicouon of the 
HF theorem givea I 



dg^Z) 

dZ 



- WZ)\^\viZ)) 



( 21 ) 



With V^Z] the elecirostaiic potential al micleais^ defined in (5) For any 
arbitrary vanaoon in the Z variable^ Eq (21) oiay be inlegraled lo give l 



^[£^Z]^E[Z^-Z^)^ l^‘‘dZK{Z) ( 22 ) 

Usng Eq (22) the cootntutions (Z ^ l.Z) and A£^(Z Z + I) to 
solvation energv may bt evaJtialed for a nsodel potenoal VoiZ). For 

instance^ for nsoderated changes in the Z variable (ac tor Zx ^ Zj± l\ 
Davis (13) has shown that a linear potenoal nsodel for V^lZ) : 



t 23) 



V^^<f+dZ 




scltvc^f^ cmcf i 0 ^ me coe/mr of DCKsrrv fl^cdonal m&Dftv 

pmvidcs a rea^ofuibJy good appraaiinaticn for dw energy vanatioo^ asso« 
ciated cc (he isMiecmmc changes in atoios. It is worth muionins how^ 
ever« chat Ihe contribution A£e (Z Z + I) is not sioipl)^ (he c^pcsice of 
^ I. Z)« but )l further conuins an eleclrcnic pdanzadcat coolri^ 
buDcn due cc couplirtg ot che whole svsieoi with Ae eleciroctadc eztentaj 
penurlution. We will show that such a conchbulion may be vnhiJiofuJIv 
)ncorpoT3Ccd into (he calcuUiion of A£fo 

12 VARIATIONAL FORMULATION OF THE INSERTION ENERGY 

Consider che iwlectronic pair X] in with hamiltonians 

and which differ in eziemsi po4entiaJsh^(^> In this particular ca5ie 

(step (a) of Noyes Cycle m Ftp4r$ IX and dilTer in nuclear charges 

For such isoelectrcnic changes in atcou« Levy (24.25) has proposed the 
^proximate rdationslup l 





f 24) 


where 


< 25) 


is Levy's average electron deosity (24)« defined in tenos of the one elec^ 
tron densilies Py(r) and represenLs the difference between 

the electron^nuclear atnetien operators of the iscelectroruc pair {A^, 
w v^cennt 


Since Levy's expressno (24) was derived for an isolated acooiic systero^ 
we can irunediately idendfy it with the first term of Ec^ ( 19) 


Consider now the systems and X in the field of a 

with hanultonians 


polanznUe cnediuoi. 




( 26) 


and 


( 2?) 
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where And Hx iire the haoiiltoniarv; of the i^odertimic par {A^,X) 
PI ^occvn and the cocrespondinj inler^cSce^ hiUDiItofuans re|K 

relenting the electrostatic inlerscoon with the polarizable envircnnent 
Using (he fach that and hx dilfer in external poteniialt (i e^^ s 
subsnclion of Eqt (2d) aj>d (2?) yidtb; 

< 28) 

and 

a Ht - ( 29) 

sviib 

- fix' ( 30) 

It and iire eigenstatet of Mx and respectively^ then by the 

vanaticeiaJ theorem we obtain from E^s (2S) and (29) t 



£x<(*^ + ( 31) 

and 

E^<{>ix\Br-m^-^B'^'\^x) ( 32) 

If we neglect, coosislently with Eq (l9x the inlewtjon of the netinl 
species X with the polarizable environment (i^ < ^x \ AH^ \ Vx > ^ 0). 
we obtain the following ^proaioiate relaoonships 

E^^Sx-J df6{/>{f)p^{f) - {tx I : »-*) ( 33} 

and 

£x E» f j dm*if)pxi^ ( 34) 



An additional comment with rejard to Eqt (33) and (34) is worth mak« 
ing. These eqaadcns are not exact because in addition to the neglect of 
the interaction conmbtidon of the neutral X s)»sleoi with the polarizable 
environmenh there are die variaoonaJ errors and ix assc<iated with the 
expectaoon values and Ex. respectivelv. Since we are interested )n the 
energ)^ difrererue A£ s ^ Ex and because die errcr tji and Sx are 
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always pcsibve^ il fellows that dw errors in die difference will in 

general compensate. 

Addition of E^s (33) and (34) yields: 

I I tx) * “/ ( 35) 

where 

= MO - Px(0] ( 36) 

Accordiog ic Hohenberg^Kohn theorerru given in Eq (36) doe$ 

never vaiudies because pA{^ and pj(^ are delenruned by different exier* 
naJ potenJials [26|. Moreover. 5p(^ represents the electronic polarizaiion 
contribulion due to die isoelectronic chiinge under the influence of Ihe ea^ 
lemal eleclrostadc fieJd 

On the other hand, subslraction of E^s (33) and (34) yields 

-Bx]^- f A I I ( 37) 

where is an average eleclron density equivaJeol to that introduced in 

Eq (2S). but this 6me denned in terms of the one ejection densides of Ihe 
isoelectronic pair (A^. f X in die presence of an ealerrud elenroslatic fleld. 

SubsDCUDon of Eq (35) into Eq (37) yields : 



[£4-Ex] = AE,(£Z+1) * - J dS^v\r)fiUn+\ j drhv^{r)6ptr) ^ jg) 

PinaUy. cooibination of Eqs (19). (34) and (3S) yielda the desired gen« 
era) expression (27]. NaoieJy. 
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4. ForfDulation of thv iiMrlioii imec^^ within thL' Vui:Ii^iir Tran« 
sition ^Utv tZTS) Model. 

4 I DEftJVATION OF THE RF EQUATIONS 

it is ifUercsUng lo note that Eq (39) mav be easily interpreted within the 
frame of reaction field theory |l) For instance^ the tecce>d term of Eq (39) 
repre^enls the decenmic pcLiruation contribution accounonj for the sohite 
acreenins dotid induced by the external (reaction) fidd it may be )ruer« 
preled iit the response of electrons moving under the influence of an effective 
potential incloding the reMlion Reid effect |26|. A coropJeteJy equivalent 
interpretation has been established by Norskov and Lan| [It] with regard 
to the second term of Eq (IS), froro a second order perturbation theory ap« 
proaclu in Ae study of atomic impurities )n solids. To retrtfocce the above 
argument, we must dww that the fmt term of Eq (39) cerre^onds to the 
ion^solvent electrostatK inlecacdon cryrgy 

We shall devdop here a simple methodology for dte compsiouon of 
&Ey9, in terms of the dectrastaoc potenual at nucleus Within this 

frame, we will show ihai the Rest term of Eq (IS) r^resents. in the context 
of the reaction lidd theory, the ion^solvent irrteraction erwrgy 

We start by reminding that the insertion of an atomic icn into a polar 
liquid is beins described )n terms of niccesive isoelectronic processes dial 
taiy place m voccum and in the pre.sence of a polarizable environment 
Within this n>odel. the energy changes are written as a function of a vary« 
iog nuclear charge It seems then natural to express the ersergy associated 
to the iswlecuonic changes using the Hellmann^Feynman (HF| theorenu 
Consider for iostance the energy change Itthd Za to Zr« Using the inie* 
(rated form of the HP theorem we obtain [iT] \ 

AE(Z^,Zx) - j ( 40) 

Application of the mean value theorem yields 
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= [Zx-2^)v;* (4i, 

where pi/t Z^) )s the dectrofi density for sorc nuclear char^ Z* such that 
Zx < Z- < and 




-/ 






M 



(42) 



IS the electrcsuJic polentlaJ at i nucleus with an inlermediate charge be^ 
iween Za and Zx This method tor ciikdaonj &£(Z4« Zx) is called the 
2TS node] |29|. Wnhin this iTm5eL the energy vanaticn asscciated lo the 
work of removini a nuclear chaj^ onily in an isc^lectronic prc<ets nay be 
dimlJy obtained tor atoms, from a SCF wave function conputed for the 
sioinic charge Z* = UZa * Zxi (JOJ 



Within this frame^ it is possible to shew ihat dte ftnl term of Eq (39) 
represenis the elecircstaiic icn^soJvenc interaction energy^ in terns of the 
2TS potendaJ ai nucleus VS Under the approximation 



(43) 

use of definition gi\en in (2j) together with £qs (39). (4 1) and <42) 

allow us to write the firsl term of Eq (39) in leems of VS as follows l 



j mi-miPliri - = {2x-z^][K-v:] 

3 .i£,B,(dp(f)] ( 44) 

which )s the reaction field expression of ion^sclvent electruslatic inter^ 
action energy It is expressed in terms of VS and VS ^ the electrcstalic 

potential al nucleus ot a pseudcalom having a tractiorud nuclear charge^ ur 
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voccw^ and in Ae presence of <he cilecruiJ electrosuiiic fields rcspectiveJy 
As txpecttd^ the inlecscdon enerjy a fiuKOonaJ of the induced dcctron 
density Sp(f). 

We ahaJl now dww that (he inscriion enae^ foay be cast into a tom 
cofnplclely cquivaient cc Bom tomuJ& This oiay be ndJv dene by usin| 
the weJi bwwn reladcnship beoi*aen Ae electrostatic lon^solvenl interact 
don energy and the electronic polanzaoon energv |3J4) Namely 



A£^|<p(rlj = .iA£ua<P(OI 

Pmn Eqs (44) and (45) we get ; 

i j - -\[Zx - ZaW: - 171 



(45) 



(46) 



Rndly. combifuuion of £q% (39X (44L (4j) and (46) yidds the desired 
find reauJc Namely^ 



A£,„(2+ 1,2 + 1) » ^(Za -^-4|(v; - v;i ( 47) 

If we define Ibe ZTS reacliofi lield potendal ' 

,48) 

then« the ajreemenc cl* ^Ems with Ihe dasscal kF ezpreaaion of Bom sot 
vaden ener^ u complete. Namely. 



1B,U2 + 1, Z + 1) = ^AZmSpifi] ^ 49) 

In siitnmary. a geneni ezpmsicn ^vinj the solvation ener^ of singlv 
pciidve or nejaove charged atomic lona has been preaenled. The fdcTnula^ 
tion introduces the electrostadc potential at nucleus, of a nuclear transiden 
state svsiem havin| a frocoonaJ nuclear char^ Expression (49) giving 
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the sclvaiiofi ener^« it completely equiv^ol to the reaction field venion 
cl Bom fonnul^ However^ io the present approach^ A£w appears com« 
pletely indepeixiefit of tbe iofuc mdji. Thit aspect of the model it really 
important and very promising^ aince il permits the calculat)oo of the inaer^ 
lioo energy nitboul making any reference to tbe parUlion of tbe space into 
a quanmm region conlajning the toltite^ and a claasicai region represenUng 
tbe solvent The absence of boundaries in the representation of tbe solute* 
solvent system leads directly to integration over (CLeio]^ thereby avoiding tbe 
introduction of empirical ionic r^d)i in the caJculation of solvaiioo ersergies. 
In other words^ the polarization of the eovtrcnmeot appears n^mnilly into 
the formalism at a response to the coupling between tbe solute electron 
density and the extemaJ electrostatic perturbation 

4.2. ZTS ELECTRON DENSITY IN THE PRESENCE OF AN EJ<TER* 

nal field. 

4.2. ) Kchn - Sham Equatiens. 

The basic assumpoon leading to £q (49) Is represented by apprcxioiadon 
(43). which relates Levy's average electron density with Ihe correspond* 
ing ZTS ejection density. Il is imporuni to emphasize that tbe average 
electron density apprcziiDates the transidon densicy in the inte^al HF 

theorenv which is an exact expression fer isoelectrcnic changes tn vochtpn 
|24] However, h is not obvious Ihat such ^proaimadon so)) holds for ions 
in the presence of a perturbing exJerruJ electroslatic field. In order to test 
tbe quality of approximation (43) for isoelectrcnic changes in atomic ions 
cosf led to an external tleJd. it is necessary to determine the corresponding 
electron densily The Kohn^Sham (KS) fonoulation of density functional 

theory (31) appears as a suitabJe procedure to achieve this objective 

Wheo an atomic ion is under the influence of an addidcnal exiemal 
spin*independent polentiaJ produced for inslance by a polarizable 

environment, the elTcctive energy of the atomic ion becocnes 

Eb>{n\ = i 50) 

The £[p^(^| functional is miniroized by the ground stale densily of the 
isolated sysiero The functional is miniroized by a new density 
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p<^ wh^b differs from by art anwiui^ « 






Followlog the prcscnptioru ^e deruity p(^ may be oblajr>ed from 
A set of declronic ort»(£Js as * 

p(f)^Y^i ^(0 I’ 1 52) 

<,<tt 

whert ihe summaijon is done over ill (he bound slates havin| mmoelec^ 
oonic energies lower than Ihe chemical polential u The orbitals 

are sduOon of (he eigeovnlue njuation (in atoroic uniu? 

(-5 7^ +v.//(0)^(0 = ( 53) 

where the effective polential vefflr) it also a functional of the densitv and 
is given by l 

Ve//(f) = + v{f) ^ I dP ( 54) 

The third teem of Eq (54) it the electronic Hanree potendal^ whereat the 
fourth one represent the exchiinge<orrelaQon potential. This last term 
is utually obtained frcoi a mcdel eachange<crre)aticn energy hmcoonaJ 
To a first ceder approurruiioru Ihe effective KS potential compaii* 
ble with (he electron dertsicy p(^ given in £q (51) tnay bt wnnen at * 



«>/X0 * + 6v,ff{^ ( 55) 

where is the sum of the external potential W^, (he elenronic 

Hanree potential and the exchange^cocrelalion potential. The quanuly 
ray be obtained frooi a RF riwdel. and it will depend, to a first 
order approximation, on (he irsduced electron density s fi{ff - 

IS a linear response riwdel (32) is assumed for sioipbcicy. the reaction field 
irsduced electron density becomet : 
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6p(n = [t-^^X]p\f) (56) 

This simpJ)fted model of elecrronic poJanzadcn may be used within a 
K.S like formalism Ic determine Ihe elecUon densit)^ P(r> For in^(ance« if 
we place tbe nvodel wilhin (be Hartree^Fock^Slaier X — a approaimaiion 
(33j« (he eachaoge^correlarion poteotial reduces to i 



with 




( 5?) 



>■1.(0 = -Cfoinois 

Cacnbinatnn of £qs (42) and (S4V(5S) yields ' 



( 5S) 



wilh 

and 



F; 



( W) 
( 60) 



» fl - ( 61 ) 

The efferOve KS like polentiaJ ^ within the X ^ H approxunaoon. tecome^ 



t^,(r) = VKsiri + (!-<- ‘] V/ + (1 - ( 62) 

Substiluticn of Eq (62) into Eq (53) yields the set of KS orbitals ^t{r). 
which are then used to build up the electron density vta Eq (52) 

The prccedtue lo oUain the ZTS electroo densilv in the pretence of 
an external electrcttaiic fields iorplemented within the ^ Ci approxioi^ 
Hon. was used to lett the quality of approunuijon (43k The compariton 
of the ZTS and Lesyas average electron densitv was done for the fcrih>wins 
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sy^tms. u^ing a low diekctnc ccrvUAt value^ 6 s con^istm with iifi 
dccUofiic pcIanxAlico cnod^l i ihe {H^, isoeleccronic pair which in« 

vdves He 15; the neunl reference svseerD {Figure 2a |iind the Ms^W 
i^oeleciTDnic pair, involving Ne Ihe rwtral refmr>ce syleoi A) 

k rruiy be dul in all the fivsiero^ ^tudied« the ZTS dectron densilv 
II located rDidpcinc between the correiponding reference denbilie^ 

and Px(^ In cdter word^ the nuclear irajBUicn stale approxijnaJlon prc« 
vides a rather smple peDlocde Id eiumaie the decUDn deniity for aiooiic 
ivsiemi cciifried to an external electrcstaiic fidd in a form coropletely 
eqaivaleru to that proposed for iidated atoros. With thii electron dertaiiy 
at hand« estimates of nlvation er>eT^ei fex atoroic ions may be obtained 

within a urufted reacoon field like formaJi^rru 

Another advantage of Ihe present fonoiJation is dial the electrostatic 
potential ai nucleus is in general described more accurately than total en- 
ergies tor atoms As a results anions and caoons may be treated within 

a unified formalism The present model may be easilv iroplemented within 
a DPT formulation for the sdf consistent calculation of the lon^solvenl i> 

teracuons. Despite the fact that corrdations effects are not included, the 

cnethed is nol dependent on this approximation^ and mav be extended to 

include correlation effects upon solvation. On the other hand the limitation 
of considering the poJanzaoon of the solute as beuig con^letely electronic 
in nature, allowed us to adopt a simple linear respoose mcdel for the re|K 
resentation of the induced electronic polanzadon. In summary, the model 
considers the polarization of an electron gas. under the influence of an ef^ 
feedve petenoal including Ihe reaction field effects. This induced electron 
density may be interpreted as the response of electrons moving indcpen^ 
dendy under the influence of an exienuJ electrostatic perturbation which 
K added to the external potenUal of die isolated systenu The generaJiza^ 

Qon of the ZTS model follows from the approumole formulae for the total 
energy in terms of the elecirostaoc potential ai nucleus The key quantity 
of the ZTS-RP model is the induced electron density. At the ZTS-RP level, 
it has been represented through a simple linear modd shown in Eq (56). 

More relined representadonx for 5p(n are possiUe Thev will be discused 
in detail in Section 5. 
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9100 . 

5 I THE STATIC DENSITY RESPONSE FUNCTION OF DPT. 

In (he precedini wUofu 9 sifopJe modd ra coinpute solvAiiofi enerjie^ has 
teen discussed. The ba^c <]uanlity of this approach is the ZTS reaction 
fteJd polentiaJ ^(6p(ri) which. accordin| co E^s <46) and (4S). )s a func- 
don£j of the induced electron density In this fonoulation. a simple 

mcdel r^resented by E^ ($6) for 2p(7h was adopted^ allowing for an iifH 
prcaicnare expression of irtserticn energv. Despite ihe fact that E^ 449| 
oiay be easily generalized for molecules using approximate electrcsuiiic p^ 
tendal ai nucleus (27). there is an inieresling alternative which uses the 
natural reactivitv indices of DPT. The most popuUr ones are the ch^mfcol 
pofentjol die ghM hc^ws and softness^ ff and £ and the molec4ilar 
efMro n ^ Qtjyity X* ^ these reactivity indices are tdrmaily deRned iis firu 
and second dcnvaiives of the electroruc energies with respect to the ntunter 
of electrons in ihe sj^slero. They are called globe/, because Ihev display an 
uruform value in eveey region of the molecular iyU£m ($4) On the other 
hand, the analysis of the vanaoon of these global quantities when the sy> 
tern IS under the influence of an electrostatic external field induced m die 
surrounding medium, sol! remains S9 an open peoblero. Recentlv. Peanon 
has proposed a methodology to oWatn estimates of ionization potenoais 
and electron alfinioes in solution from free enesgy of solvation and redox 
potentials data (35) The roost relevant results reported by Pearson were 
that electronegaiivitv remained invariant t^on sdvation. and dul the cor« 
responding hardness displayed very little variation upcei transfer froro gas 
Id solution phase, roakins these global tjuantities unusehil for the analvsis 
of chemKal rearovity in the liquid phase These empirical observations 
oiay be tested by using approximate expression of the (lobaJ DFT indices. 
Por instance, within Ihe Molecular Orbital (MO) theory they are expressed 
in tenos of the one-elecvon energy differences mvolving the frontier UO^s 
|47). In Pigm 3 . (as phase and soluoon electronegaJivihes as well as 
|lobal hardness, oblauied from approximated electron densities (CND0f2 
and CNDO^SCRP. respeni\ely) are shown. 
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S. ComparuM mi 9ciutiof% phoj€ moftcutor 

electrcne^trviMs (o), Md global hord/^ess (h) Exp^mefoal volyes 
rom nfer a c€ phost voIms OQ from CNDO/2 colculoncns and 

solufion values froen SCJlF calculasions 
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\i mav te that in teth cases, ihc predicted values follow ihe eiper^ 
unefual order Also« it mav be swn duJ Ihe vanaticn of ^ aj>d 1) with Ihe 

reaction ftdd stren^ ia nejli^eable. Therefore^ the inlrcducuon of soJif 

don gJcbaJ DFT indices have liliJe utility in the study of scUfticn chemical 
rraotivity^ 

In ofder to better understand (he kf model in terms of the local DPT 
indices^ let us fuu conaider some fundamenlal equations for (he enerjy 
change frcoi one ground stale to another Lei (he first ground slate be 
characlensed by XU? )« ^ and (e.g. the ground state asscciated 

to the isolated solute)^ whereas ihe ocher will be defined by the quanlities 
X)(^^ N and E: and will be considered as ihe (round state of the 

solute in the field of the solvent. According to Ihe class of problem we 

are dealing with, the most suitable represenlation for the description of 
the RP model is lhal containing {K as fundamental variaUes. For 

such a representation. Vela and Gazquez (36) have reported Ihe following 
relationship for the energv change 



c^^E-ET = + j dr0\f)iv[r, + 

+AN I + iy ( 63j 

wbm |2) : 



. ... Sr\(K>] 



( W) 



1% th« «l«clronic chemical poteodaJ for Ihe isolated solute, ils local 

softness defined by |34) : 



AO* 




( 55) 



whkh upon integration over space coordinates )»ields ihe global softness : 
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=* ( 66 ) 
The Rikui fwKiiofi /^(r) defined by: 




mi it i% a nonoalized local scflne^^ in ibe sense tful : 

( 68 ) 

Equaden (63) was obtuned after performiog a Taylor secies funcliofuJ 
eapAfuiofi of F[p] arcufid ^/pV relaining tenos up to second order (36). 

The firtt appraaimation we stuII inlraduce )n our dsvelopnKnta is re* 
bled to the fact thal wttfm o^e ccAlinvMn RP mcAf. the cluifije in 
energy aaseeiated with inserting the solute inlo the scrivenl giveo by Eq(63) 
IS being considered as un isoel^tronsc proem (i.e.. AK s N ^ ^ 0). 

As a result we obtain * 

AE<± I drfi\f)6H 0 + I / <i^P( . ( 69) 

where SwA is the chiifige in Ihe external polentiaJ associated to the inser^ 
tion process and - P^(^ is the induced electron density due 

to the coupling with the reaction field. It is also worth menlioning thal 
6p(^ will never vanishes because according to the HK Iheorem. plf) and 
are detennined by different eatemal potentials. Another relevant at« 
pect concerning Eq (69) is thal it will reoiain valid within the eff$ctjv$ 
medu4m represeotaoon of the solvent It will certainly be no longer valid 
in a diitereru model of solvation such as. for instance, the supermolecule 
^proQch where partial electron transfer between the solute and the solvent 
loay occur (37). 
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We may now proceed co Uafuform {69) into a form closer lo ibe 
roore faroMiar RF picture. Let first )Woduce Ihe etTecdve eleolrastaoc 
pottnUal of the ^lute in the field of Ihe polanxed soJveru as follows : 

M = vir) + J < ’O) 

where is an eatemal spirvindependeni electrostatic perturbation 

produced by Ihe reacliofi field The corresponding lolal eJectroslauc p^ 
lentiaJ of the isolated solute is : 

4VT - ‘>-5 + (711 

Substrnnion of Eq« (70) and (71) vield« : 

= « (f> - f) = (f) + I ( 72) 

From relationship (72x the following identities hold 

y y = y ( 73) 

and 

I j drdr' Mp^^^ « f - 4&^,(r)l ( 74) 

Combnaliofi of E^s (69) • (74) givee : 






( 75 ) 
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The tcllcwifig relevant remajk coficerrung (75) i% pocvnefU l the fu^t 
term mav bt easily recognized ii<t (he electruslatic sclute^solvent )nleraciicn 
energy^ as defined in the cooteat of RF theory. Fonr^aJIv tpea^dng. the de^ 
Ircstaiic solule^scrivenl inleraracn energy at given in the preseni iippruach. 
corresponds to a firti order perturbalicn theory correction to P{(^\ The 
physical rrMn)ng of the second conlribution roay be easily established after 
lranaforuiin| Eq (75) as follows t addition and substraction of the second 
term in the ngh hand sde yields I 



E\fi] - r }fl*i = j arfi{ne0„,{ri -if ( 7« j 

On the other hand, when the solute is under the infltience of the erlemaJ 
peclurbadon. the effective energy functional is oiinimised by a new electron 
densily which differs from the ground state electron density of the 

isolated solute by an amounl In other vrorda^ the effective 

energy funclionaJ B\p] may be wnllen as |^) 



El^] « + j 



< 



SubsUaetins from both sides of Eq (77). and using (76) we 

obtain l 



« (£V1 - * - 5/ ( 78) 

the solute electronic polarization ccntnbuocn to 6£ .Since both Eqs (75) 
and (76) are equivalent espredons for &£. we roay write using Eq (78) the 
following physically meaiungfuJ oppression for (he er>ergy vanatioo ! 






(^ 9 ) 



Where 
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< 80 ) 

II ft/1 ctTecQvc cleclrastadc solute soJvciu intewliofi PWfy According to 
ibe RP tbmy« the sclvadon ^oergv obuuned after adding to the electn^ 
AiUK aoJiue solvent inter^clion coricibuhori aj>d the lolule self^pcUruauon 
tena the conlhbation due to die lolveni polanzAiiori A£^|6p) (13.7 J4) 
Naoiely^ 



tSl) 

The solveol polarization contribulioo (third term of £q (SI)), may to 
obtained from the fuodaniefital theorem of the RF theory^ relaiini the 
electroitatic lohite^iolvent interacdon energy and the solvent polarization 
contribution |2J,?J4) : 

1821 

Subslituliofi of Eqs (78)- <80| and (83) into E<^ (8l) yidda ; 

= 1/ ( «) 



The quamily A£^'(Sp] is uniftlly iropJicrtly considered in the vanadonal 
caJculadon of AE^oh when the effect of die RP is self<ons)stent]y incor^ 
porated into the effective haioiltoman of the soJtite system in die field of 
die solvent. 

Local deosity functional theory may be introduced within the RF model 
of solvent effects thorugh the induced electron density The basic quantity 
for such a development is the linear density response function (39) : 
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6p(^ 

W(r?) 



(S4) 



<v 



PbyscaUy. the quanoiy rcpre^W ibe chw^ of the electr o n 

density at any point T produced by the vanadcn of an independent ex* 
temal ptrtiicbalion Jt^tme^ and eateroal applied electric Add) 

u a diffemt point In the preseot case« the linear response hinction 
would represent the variation of the electron density at any poini 
T produced by the XF potential at ri, SpeciAcally^ the ijsduced electron 
density &P(r? required for the calculation of the DFT^RF potential may 
be obtained frooi (40) : 




(85) 



The calculation of the induced electron den5;icy roay be done in dte cor^ 
text of the Kohn*Sham approach to density fuoctional theory^ becau^ the 
respond of a KS system to a change in the one particle eftective poten^ 
tial (7) corresponds lo that of a sysiem of non*inleracting electrons 

Moreover^ Berhowua ar>d ?arr (39) have shown that the static dertaicy re^ 
sponse may be eapreased in tertTVs of the scftriess the g!obcl 

scftntss S and the Fphri /iwtioar aa follows 



= -.(?, ,5) + S/(O/07). ,85, 

Equabon (S6) is an exart relaiiondtip between the staOc density re* 
sponae and the DPT iodicea 

Within a local ^proaioiadon. the electron density is Just a function of 
the owdiAed potendal and the induced electron density Sfff) given by £q 
(S5) reduces to (36) : 




( 8 ?) 



Sffif) « sm [y dryir^\6^{^) - 
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Usng (his expmscn tor the induced eleclrcn density^ exprt^sion (S3) 
jivinS the solvation energy may be iriuuformed as foJIows I frooi E^s (71) 
and (72). the fu^t term of (S3) oiay be rewriuen as t 

i f ■ 0 [/ ( w) 

where is the classicaJ eleotresude poteodaJ at r due lo the entire 

decerDfi densily. The first term of Eq (S8) simply give tis dte nucleiir com^ 
ponent of the solvaoon energy ^ ftaed nuclear condguriUion^ 

this lerm will be a cortstani contribution to The tecond term of 

E^ (S8) may be however tnnstdemed to a roore interesung form« by into 
ducing the hcol har^Tfos coricepl f[i^ of I^arr d d (41) These authors 
showed thsK within the Iccal dertsicy version of the KS theory^ the following 
^proaioiate reliiiionAip holds |i0) l 



^(0 



Subsutuiiofi of (S9| iiuo £q (U() yields : 



( 89) 



i J = ar.’i. + A’ (^ - >) / ( «) 

We may now proceed to transform the second term of E^ (S3) Based 

on the fact that within the RE theory^ the extemaJ spinless electroslatic 

perturbation oiay be identified with the RF potential sut^ 

stituDon of Eqs (8?) and (90) into Eq (83) yields the de»red rosult Hamely. 



AE^tu 



9 ^ 



V 



- 5 ^ 



T A- (^ - 1) / 

(J - j 



( 91) 
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Equation <9l) has a quite intmstiAg stnjcnirc ihe ficu rwo term 
remain as a long^ran^e etaoostadc conlnbuuon lo the aclvaoon tntr^y^ 
wt>wefl5 the (hini one inODduce^ the local softness as a multiplicative factor 
of (he flucniadcn of the RP petenoal This last iccm is ei^ected lo siroogJy 
depend upon die solule polahzabiiicy^ since (he global softness does \MM] 
On (he other luind^ Equaden (91) may be easily used in ccoexticn with an 
ochital theory with die electron density and (he eleetrastadc potenlial cb« 
tained from a stajsdani SCRF wavefunction. The (hird term rruiv be also 

t 

evaluQled horo finite difference approximation fonnul& The charm of Eq 
(9l) comes from the fact (hat it introduces for the firu tloie« (he natural 
reacliviiy indices of l>FT in the expressicn of the strivation energv. This 
feature shosJd te of great importance for the snidv of strivatlon effecLs in 
chemical reacUvity in solution phase Finally, rt is also wmb nedng thal 
(91) IS also reminiscent of the well knotun Fronoer Molecular Orbital 
equation of chemical reactivity the first rwo terms may be associaled to 
the long-range electrostatic (charge control) elTecls^ whereas (he third one 
may be associated with short-range (orbital) effects 

5.2 SELF CONSISTENT FIELD FORMULATION OF THE RF-DPT 
MCH>EL 



According to the HK the^m. the ground state energy of an 
inhomogeoeus electron gas in a sialic external potendal is 

( 26 |: 



interaclirtg 
given by 



r[^l = j + y I + G\fi] ( 92) 

which simply oceans that the classical electrostatic part of Fr^lpl has been 
extracted from dte ucuvecsal fundonal F|p). thereby defining a new univer- 
sal fuoclionaJ G\J>]. This is very convenient f^ our purposes, since it wi]j 
allow us to treat Ihe long range electrostatic part of he energy funcdonal. 
including the effect of the external perturbation explicidy The remain- 
ing term G\p] is (hen assumed lo contain the kinelic energy contribution 
and the eschaoge- correlation leenu which are expected to be short-ranged* 
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Our probkoi )% non* to cbuin p(^. to emruitt soJvaiion energies via Bq 
(S3) in a self consisient way. Afi implicillv a^^uroed in Section 3. p(f^ ray 
dtfftT from the ground state electrce^ denaicy of the isolated soJiue 0^^. by 
an ajTKJunl ' 



+ W (M) 

Following the KS formaJism |3l). the denait)^ Q(^ may be obtained from 
a set of eJectronic ortntala ^ efrecbve KS potential similar to thai 

disetisaed m Section 4 2 

On the other hand« the effective KS potential compalible with 

the induced electron density defined in Eq (93) ray be also written 

aa 



+ j ri)bp{ri) ( 94 ) 



sviUi 






Sp{f\6o{r>) 









which yields 



again (see Section 4.2) t 



( 96) 

where is the RF potenliai introduced io Section 4 If 

we set ^{f) s^\rt /Sf, we obtain : 






( 9 ?) 
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Equation (96) show^ that the e?Mlive KS potential oiay be iunply cb« 
tained by adding to the tufidatd KS pocenUal of Ihe isdated tolute « an 
elemuslatic correcliofi which tumt cut to be the kF potentiaJ and the 
exctiarje* comlation correction Svk- h i^ worth memiofunj here« ilut Eq 
(96) )s h:eiDally equiviiJent to the effective Pock opecstor correcDon 6d^ 
defined in the cofueal of the self conaialent reacoort field (SCRF) iheoiy 
|2«3J4] within the HP theory^ the exchange contribution i^ exanly aeJf« 
contained in whereas correlation effecis are completelv neglected As 

a retulu within the HP theory ut expected. 

On ihe other hand« the second term of Eq (96) I 

(98) 

representing the variaiion in ihe exchange^correUJion polenuai upon solva^ 
cm mny be further siroplifted if we pUce the medeJ wnhin the lc<iJ densitv 
approxitnaOoT) (LD^) In Ilut ca^. Vu becomes simply a feneem of dte 
density iind Eq (95) reduces to * 

i(r*- fi) ( «) 

The simpler linear response mcdel tor Ihe kP induced decuon denfity 
cooipniible with expression (97) of is i 

[^-l]p*(rf ( lOO) 






dvM] 




which allows the exchange<orrdation potenlial varintion to be cast mio a 
very simple form. 
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6. (scncral Di^uMon* 

in ibc pttcttdtng secliofu w have shown <hal denfiit)^ funcliofuJ ibeof^ 
pmvidca a naniriiJ frafoewcrti to di^cus^ scrivcnl cffecu in (he conleat of 
the RF model The approach was derived from a wond order penujba^ 
lion theory opproximaiioru giving the energy change ftom one ground UiUe 
repaewiong the isolated scriiue^ to another one de^ribing the ground stale 
of ihe scriiue under the influence of the electrosuiic tpin^independent ea« 
lemaJ potential due lo the solvent NViihin this smplified approach. £q 

(83) giving the inseroon energv was derived It was shawn that within 

the pertiubaticnal approach used, the solviiiion energv expression contains 

the basic ingredients of the classical RF fonnd& Naioely^ the elecoosiadc 
solute^solvent interaction energy^ ihe solvent polarizadon term and the so« 

Itue self^lahzatioo energy This Iasi quantity appears as a second order 

correclion in ihe penurbadenaJ fomuJ& 

The complete Ireatoient of solvadon effects including the sohite self« 
polaruatioo conlribution was developed in the frame of the DPT^KS for* 

roalisoi NViihin this self consistent field like fonoiJaiion^ Ihe fundamenlal 
expressions (96) and (97) provide an appropriate scheme for the variational 
Ireatoient of solvent effects in the context of the KS theory The effective 
KS potential rtaJuraJIy appears as a sum of three contnbuoons the effec- 
tive KS potential of the isolated solute^ the dectroslatic correclion which 
II identified with the I<F potendal and an exchange<orrelation correclion 

.Simple formulae for these qtianUlies luve been presented within the LDA 
approximation. There is however, another alternative to express the solv^ 
lion energy in a more sirople and useful form 

We start from the first line of Eq (83). and substitute Eq (8?) with 

replaced by the RF polentiaJ. NVe obtain (42) 

-\s [(/ - J , ,od 

Nexc inlrcduce defiruhon (6?) of the Fuluu function to obtain t 
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Where (he followini definiden^ have teen u^d * 

J «t*'p(r)A(0 = (-4(r)) ( 103) 

( IM| 

and 

/df-/(?)(*»(0)’»^<4«ln') , 103, 

E^iiaQon (102). aldwu^h equivaleiu cc Eq ( 91 )« often the adviinlage 
of bein| more for the discussion of chemical reacQvity in solution 

The oiain difference beiu*een teKh expression of the sedvation ener^« is 
contained in the second order conthbulion^ which repre^ent^ the electronic 
polanzauon of the vlule through the effective global softness S, nnd (he 
Jfuct^tion of (he as decoons are added to the vhite svsieoi This 

term is e:xpected to be particularly usefd in (he study ot (he solvadcn erw 
er^ variadon alon| a series of atonic and molecular systems^ with increase 
ing numter of electrons. On the other hand, this second term is eapected to 
have a low contnbsuion within an iscelectronic series of solutes As a resulu 
use of (102) may be of great utility wten we are interested in the por^ 
lition of ihe eftective energy in terns of electrostatic ar>d non electrastadc 
contributions Prelininacy applications of (102) to the caJeuJation of 




IS 
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solvatkm energies in tbe aliphatic ajnines seciea rcveaJ a Itoear dependence 
between AE^ch and the global softness (42) Thh important result was 
reported by Geerlings er on the basit of a imdtivarlate regretsioo 

analysis. Bq(l02) Is however an Mofyrfcol relattonthip between dut two 
quantities . 



7* Concluding Rcmarka. 

The use of electrosQtK potentials, defined in the coniesi of [^T. tor the 
calcsilaiion of Ion soJvaiion energies has teen reviewed It has been shown 
(hat physically meaniogful looic radii oiay be obtained from this method^ 

ologv. In spite of ihe fact that the electrostatic polentlaJs for cadons and 
afuons display a quite different funcsicnaJ dependence with the radial van« 
aUe. we have shown that it is still possible in both cases to biild tip a 
procedure consistent with Ihe Bom model of ion solvation. 

The use of electrostatic potential at nucleus provider the baais for a uni« 
ded theory of ion soJvaiion for sin^y posiove and negative charged atomic 
loos The pclariiable host has been modeled through an effective medium, 
and the ion^lvent interactions treated within the reaction fieJd theory 
The most relevani aspects of the proposed ZTS^RF oiodel are the following 

(i) the focmaJism asea the eletrostaiic potentiaJ at nuclesis as the basic 

pr^erty for the descripDon of the ion^soJveru interactions. This quantity 
IS in general described more accurately than total energies for atoms. As a 
resuJu anions and cations m^y be treated within a united fonruJism and 

the probJem of introducing arbitrary empirKaJ ionic radii is avoided and 
replaced by integradon in (O.oo] (li) The present mode) may be easily 

implemenled within a density fuoctional theory foruiulaticn for the self 
consistent Ireatoient of die lon^solvent interardons. 

On die other hand, some limitations are present in the proposed focmaJ^ 
isnu Pee instance, all the solute polarization is assumed to be electronic in 

nature. Orienlaiiooal (temperature dependent) effects are not introduced 

in Ihe present formulaoon of solvaocn effects. However, this limitation aJ« 
lowed us to adopt a simfrie linear response model for the represenladon of 
Ihe induced eJeetroruc poJanzaoon throu|h die polanzation of an electron 
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gB^ under die effect of an electrcsuiiic external fields Thi^ ir>duced elecim 
denficy is to be interpreted the respond of electrons rmving 

dently under the inAuersce of an effective potenOal ijKludin| the reaction 
field effect 

FinaUy. an aJcemaU^e derivation of AEms that intrcducea the suiiic 
density response function was outluied This mcdel offers aeveraJ advar^ 
sa^s With respect to the ZTS^ftF fonoaliam For instance^ the effect of 
the polanzabJe medium is direcUy expressed in terns of the rescdvicy m« 
dices of DPT which rnay be determined either from an crbital theory or 
directly from the KS formaJisrru This aspeci of the proposed risodel is re« 
ally relevant and very promising since it provides die theoredcal basis for 
the cealmeni of chemicaJ reacdvicy in soJudon. within the heoiework of a 
medem methodology comparable in quality to the conveotionaJ cb Mtic 
medicds. bsu at a considerably lower cooipsitatiooal cost 

In summary, densily ftuKOonaJ theory provides a natural framework to 

discuss solvent effects in the conlexi of RF theory. A generaJ expression 
ing the insertion energy of an atom or rrsolecule into a polarizable oiedium 
was derived This expression given in when treated within a firsl 

order penurbation theory approach (i e. when the solule self^polanzoiion 
contribution is neglecledX directly leads to the well known Bom formula 

of the solvation energy Within this frameworks accurate solvaiion energies 
for singly posidve and negatively charged atomic ions may to obtained 

A compleee treatment, including the solute self^polarizaiion contnbuoon. 

may bt developped in the context of the KS theory It was shown that 
within the LDA approximation, simple expressions for the effective KS 
lential may be obtained. 

However, the most promising aspect of the [^T«kF modd of solvent 
effects presented here is represented by (102). This expression, derived 
from a oiodel induced electron density, based on (he sianc-densiry re^onse 
fiuKQon of DPT. allowed us to obtain a useful expression for the solvaiion 
energy m terns of the natural reactivity iridices of DPT. This aspect of the 
DPT^RF model is really interesting tf we constder tts potendaJ aplicaiion 
to die study of chemical reactivity in soludon 
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I. (nlcaduclion 

T}Koreuca] jai£rp*<tauo'^ dvrnical kvum ntn a )Mg )u«ioiv olce^y Uru) 
KcttMly, howcvff, Miy cM dtfieical kscums of systne« cooiajn«ig a few aMfe< in (he 
Saa phase could be snulKd using molecuUi ifuaruam ibechatKa diu (o ibe 
coeipifuuortti eipeue So, ueiderstafuliiig Uw efieci of (M eAvirovoett on (he 
behavioue of cbeniml reaouons in soluiioo has been an ouuuniJing peobteeu 
PonunaMty, ihe past len yeve luve aceo veey leiportani wtvancta m (be poo.'et of 
cooipiftct ufiMilauon KcliAtfoe* foe clvniKal reacuorts in Uw corulensed phase, 
aocoenpafued by an impteoive progreu irt cooipiftei speed Cooseqi^ndy, a ckar 
fiBctoscopical ptccuK of ho«' solveoi mfloeoces tlv rau of cbenuca] reacuoiu is no«' 
teginoing to esberge Anysi'ay. cakulauorts m this v«a are sail i|ui(e difncub and aie 
I tee ai ah a airaighifora'ard exuofioa of tlv gaa^phase ibeihodolo^ to syaunu 
coouiping a hoge nimiMr of degrees of freedom TIk goal of ibis ebsptet is lo pre«eoi 
a atucal diaeussioo of (be curreni siaK of tlKoeeuca] ovihods lo mmoscopicsUy 
sinsulaie clKmical reaccioof lo solmort and lo cakokate iheir ;aK< Before eotenng oa 
ilv hean of ihi< Mpsc n la oaful lo bnefly reviesu the habitual ueaosvru apptied to gas* 
phase sysKius 

Tranutioo Slate TlKoey |M) is the idosi frefloeetly used theory lo calcubte rate 
couuants foe reacuoos in tbc gv phase The two mosi bssie aasoetptioos of this theory 
are ibe aepaistioa of ihc ekecinmc aiid aiKkear iDouons isteiDming frae the Bort* 
Oppenheiow appioxiotation [5j), aiul that the raactaot lateniat slates are m thermal 
eflutlibtiom with eaeh other iibar la, tlu reaetaet eiolecuka are distribotad aoioog tlvir 
states 10 accordance with ihe MaasKll*Bolumano disirtbotioo) In ^ttion, ibe 
fundaoviual hypotl^s [6] of ibe Transiiioa Slate Theoiy is (hat ilv net /ate of forward 
reactioo at equilibrium is given by the Hid: of trajectories across a suhaUe phase space 
rurfaee (rather a hypertinfacek in the prodoct direciioo This surf^ divides reaetants 
irons producis and it i< called iIk divwbug surface Wiguer ^6) showed long time ago 
that foe metanis lo il^nstal efloiUbnum. tlv Transioon State npression gives the eeact 
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dA&stcat raK BwiJtd itiai ssjcctonn itiai pass ihrou^ the dividiAj aurfve neve* 
NBifn la CoAvenuMal Tranuuoo Sute l^or^ |7) ihe divtdjaf Hiriace it dioeea to be 
» coafijD ration 'epac* Aypetsurfaa tifeis stay ilw fiMfoeiita not bcm| ccneidsed) 
eeatcied at Uv eaddle poini of cIk potential eiugy Aypersurfvt T}us fact lealt to the 
tkfifuuoo of tlv tiufitkoei atate atructure v clw point that AilfOe iIk followiitj four 
eoivliuoaa |S)' aj it le a siaLioaary ponit that ii, of aeto gradient: b) the force coaatant 
matrix at tbe point miBi have only ooe negative eigenvaJiM, o ii mtiet be tbe lugben 
energy point on a conunuone liae ccnneciing reacisou and pioducrt' d) it ew<i be the 
towew ct^rgy pome that aauefiea tbe above three eondiucni T>e two firei fiBihefiuiical 
eoivliuoas diaiacienze the iranution eiste atfoctive aa a iBaitwmaucat xaddle poiH T}v 
ibvkdiog surface u generally (onetructed perpeivlicalai to tlw mimoitim eiiergy parb 
(MEh. wtiicb 19 tlK path of 9ieepcit*desceni from tbe a«ldM point into tbe rcacism and 
product valleys |9>JI) From nost oo m cbia paper wt wdl lae tbe Term uantnion state 
as e^iuvatent to tlv entire divtdmg uir^e, m contrast with the tern iraiiiicion state 
etrtcttire that tsjtiet a pomctilar point (tbe saddle point) of tlv dividing surface Really 
tlK rate constant depends on the differeiace between the free energy corresponding to 
tlv ensemble of configurations that belongs to Uv divufeiig susface and tbe free energy 
associated to reactants 

As the non*rectoesing aasumptioa is not certain the one'^ay ct|iitlibauje flux 
tbroogh the divtdmg surface exceeds the »iiulibeium net forward reaction rate, tlw 
Ttanutioo State Theory leadiiig to an overesnmsuon of the me class^at rate constant 
Uten, beyoTMl tbe Conventional Tranaiuon State procedure, in Vanauonal Tranaiuon 
Stale Tbeory [7.12,13] a set of dividing surfaces is constructed, searching for tlw oiw 
that iBaiirmzes the free energy barrier, what is e^mvaleut to nintmtse tbe OM*way 
equilibrium flux through it Consequently, the vanatiooal transition state is a dividiag 
surface not necessarily passing tbrougb tlw sodlfe point 

TIk location of transition stale structures is the first step to caKulaie gas'pitase 
te^on rate constants Tlwn, the MEP is built op Tlw neu step is to perform a 
generaliacd nonoal-mok analysis at a seqoence of points along the MEf . to obtain the 
free increrocnts corresponding to the set of dividing sorfacee as provided by ilw 

siausucal thermcdynamic fonoulM within the uleal gaa, rigid rotor aiwl harmonic 
oacillaior models lanbarmonicity effects can also be incorporated) Tbe maximum value 
of the free eiugy change detenoines tlw vanauonal iranstnon siaie 

It Is abo useful in this point to dedKaie a few words so outline the case of itw 
clusrers. which represens a badge berweeu tbe gas phase and tbe solution situations In 
clussers. the transition state smeture should be rtgorously characterized as a poiut with 
zaro gradient all tlw coorduiates of the sysMm being simultaneously considrred 
However a cheaper way to treat solvation effects is to suppose tbat solvens molecoles 
always remain in equilibrium with the solute Tben M is assumed that for each fixed 
solute coordinates t panic olarty, for the gas'pItase MEP and. evtdeoily. for the gas-pbase 
transition state strucnire forming pan of it) alt tbe solvent coordinates are at a leimmum 
energy point, wiib all clw solvent giadieni components being zero. As no force is acting 
on itw solvent in this case, tbis approximation is Lnowu as the solvent equilibntim 
bypoibesis |J4) twhicb involves a conceptual panitun of tbe system into two sets of 
degrees of freedom, thi solute plus the solvent sumuiwling U). It hs to be emphasized 
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itui Uu8 byp4il>e<i8 is toi related at all wnti the abo^'t meetioMd U^rwa] equJAcjum 
bisK aasomfHioo ilw Traesiuon State Tbeory, wtiKb jnplKa «4|uilibnuJB amoog ilw 
states of the whole syaieie 

A» » mauerof fact, fron a sinci pojnt of vuer, Uae solveai eqoilib;i«ifn h>poU^s 
i> a]»ays false for a chemical Kacstcei AHhough lo some caees it caa M employed as 
a piacical vsurDpuort (hat provides a good csiou^ approiueaiioe for od^s n is mm 
acceptable So, for lestaive. in several papers {IS*I7) see hast shown tbat in ae S.2 
reaction with leactaius solvated by a smaO ouiebti of eraser molecules, (M aolveoi 
coordineies aie s<|nifkant compcnenis of ilv traasitioo vector Tlaerefore, U>e eiotioe 
of Use solvent molecules is ae tmponant pan of Uae moitoe of tlae wlaole system aloef 
ihe reaction coordinate ui this CMe, the solvent equilibnom liypoibesis not beief valid 
Ai this point It siMiild be noted ihei ilv whole jrMlieet is zero at a transtucei staie 
smeenre and, as a coesMiuerKe tlv solvent gr^jieet comporunts are zero too Ihu fact, 
however, does not mply the sotvenc r^iiibbniuD bypod^s if the solveai cooiitnaies 
are siimficant cooiporKnts of die sansitioa vector' tlv eiotioa of ihe solvent alcei| tbc 
revtion coordinate goiep down from the transitioo rote strucurr wonld prodocr a 
dimieuuon of dir potential cner^ the solvent coordinates not actoally satisfyui| 
therefore (be condioons of a euaunun eaerty poMit in dv conpkie system 

A> Toeber and Trablar [U| have ciephasiud. dv Coeveanonal Traesiiioe Stare 
Ibeoty IS not unambi^Dously dehivd ui the conteai of the solvent eqaiJtbritim 
hypothesis Tlwy have btitit up the so<alled MpittibrudB sotvaied path iCSPt by taking 
the saev valors as on the gas^phise MEP for the sointe coordieaies, and optiouzinf the 
sotveru coordieates, for fixed solute ccordinates, ei each peum on that reaction petb l>te 
problero lies on the fact that dwre ts no true satUle peum on the ESP, and, m Mldition, 
the pcMJi on dvi ESP which correipotidi to the gas-ptaate iraosiuoo stare sirtKiure will 
an necessarily be the poiet of highest potential rter^y oa ibe ESP Coeversely, 
Vanauoaal Transmoe State TlKory caa be appled by constriKiing a set of dividuig 
stirftces dies intersects the ESP provided that dv dividing snrfaet orientasions are 
conventfntly chosee T>ma, m the microsolvated reaction GtliO) + CH£I Tncker and 
Tnihlar [U] have shown that dv solvent MpiilibriniB hypothesis is a good 
ippeoatmaucci to be used to the frame of Vviaticcia] Traesiuoci State Theory Although 
tlv validity of (his conclusion wiQ probably deperwl on each particular cbeeucal 
reaction, it seenu clear ihar the m^nracy introduced by the solvent etpiibboiuo 
hypothesis is leaser when Variauonal Tranaiuon State Theory is used 

Beyorwj tbe clusters, to mcrosropically model a teaciioe m solouou, we need to 
ivlode a very big number of solverM molecules in the systeio to represent dv bulk The 
peoUeat saeats from the fact that it is coetpuiauoaally letposssble, with our current 
capabdfues. to locate the iransiuon state atncnire of the reacuon on (be compkte 
tpianium eucherucal potential erwrgy hypersorface, if all the degrees of freedom are 
eapltcidy included. Moreover, the rffeci of thermal siatistical avenging shoukl be 
incorporated Then cbssacal mechaaical conapaiier sietubtioa techaiqoes iMoutc Carlo 
or Molecular Dynana^si appcM to M tlae riMisi sunabk procedure!; to anack the above 
peobleets. In dion and applied to dv coetputer sueulatson of cherowal renctions ui 
solution, dv Moutc Carlo |l8*2l| te<hnu|uc is a numer^ metitod in dv frame of the 
classical Statistical Mccherucs sahich allowa to generate a set of syatere configurations 




A. CONZ^LS-LAPOKTETAL 



•III) a ^v«a probabiliTv ditinbtraor) <uncuM for ifuiaoM the canorucal Botumur) 
dirtribtraor) fjr)cuoA Coascqurnily, ihe Mmu Carlo mrtMxl li Qutii; well adafiicd lo 
Kpfodocr the cbermal natlib/ivn) ibai e I'UurKd ^ntuA (be Transtuor) Slate Tlvory 
EduilAriuei ptoparues aie obiaioed by avciagifij over eulliow of geofoeuKai 
CDeifigunuoru of Uk ayetcm ilui are coaveruettly sefectad alortg the simulanor) Ar a 
leartei of a Molecular Dyaamin |2I) uouibtioo caa be used for ihe saeie puipoee 
la ihi« easK, (Ik clarsKal e^uauow of iMUor) (for irisaaxe, Newaort'e e^uauowi for (Ik 
ayetem are irMegraied numerieally ir) Uk phaie «pace Pron (Ik aoliUMii of (be»e 
e^uauow, (M atonie po«i()on< ard velxiuea aa a funcuori of uitk are obtained, and (be 
equikibrtuiD peopenia» ate (kurmuKd by perfomiag (Ube averager 

la ibiacbaptei we wiJ fxiu or) die Moote Carlo Maulauooi, although iDany of (be 
(k&aibed poinu •ould abo M afipbeaUe (o Mobcolai Oyaamin Moiolauoaa. We 
bcgja la «ee(ion 2. wi(h a ueueary of ihe basic nwihodological feaduee of (he Moeue 
Cailo fbethod Tbia u followed, lo secuoo }. by a dBCdeaioo of the loeaning of die 
eolvauon of die gaa-pbaee siaiionary poinia. In eactioo 4, we odcliiK (Ik oiaio mediCNfa 
(0 caKulaie fret erwigy ehangee In aecuoo 5, Vananoaal Traoutioo State Theory is 
applied (0 a cheeucal leaerion in soluuoa In seciioa 6. we diKiBe how (be poKoual 
energy of eacb configutauon ear) be cakolated We coaclode, in «ee(ion 7 with a 
survey of (Ik idosi reteut (heoreueal developeunis, and a bst of ibe most promisir)g 
perspectives for funlKi advances 



2. Ba»b «if the Mnole Carlo Method 

la (bit ehafMr «e will briefly revRw the OKin asptcb of die btceiR Carlo methodology 
when It IS applied to the treatemeat of bquid state and soluuoot la this kiad of uodies 
tlK Monte Cvio method [IE*2I| conaitis of as algotiUuD to perfone a laiMtom walk 
ihiough (be configuiatioo space, la sueh a way that aHet a given niAbai of 
equiJibeaiioo SRpi, the genoiaied configunuons aie diwribmed aceording wi(h a 
previously chosen piobalnliiy deaucy fl (^'i wIkr. 



* <4, f*) 



(II 



•s die pcsKicn of the veesor of a poim in the conftgarauonal space for a N*panide 
syuem, being 3> die (oafigurauonal coordinates of tlv particle y 

Preseatly Monte Carlo cakulauous are based oo the techaipue proposed l>y 
Metropolis [ 22 ] in IP53 sthicb involves seleeitng tlv soceesstvc eoafigiirations in weh 
a way (bat tlwy build up a Markov chain |2J) Tlv one*stcp (ransitioa probabilities pt] 
ve defined as tlv ptobabiUiy that begianiog from ihe i configurauon with die 
eonfigurauon j with is reached in oik siep These probebiliues are ihe ekeKfiis of 
the oiK-siep probabibiy maim associaied to ihe Markov chain and tbey mnst fulfill ihe 
following combtioas 
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l?9 






S 0, 



»'V 



( 2 ) 




> , lAomaftfdTlON 



If ihe n'MQS irenutiot protiabtJny eleuets ar« defirKd v (he pio&sbiluy to /evli Uw 
coafigutatioti j ifi a SKpt begiuAins tlv eon/isurauoA i atvl Tlj. = T1 then jt 
cu be (kmouMMiRj ihai iFihe MartoveliuA js ergodtc (ibe ersodioiy condnion uaes 
ihst li I and j aie isio pos<ible eon/j|Drauoai with III^ 0 and < 0, for some fieite 
t pij"" *0 I sad apenodK ((be cbaia of eottfiguia<ioo« boi fono a srfloebce of 
eveats ihai repesu tuelfl, Uw linu 



‘“.-•f’r' • n^. ’»j 0 ) 

do eiiu, ibey are ladrpetvleiic of tlv eoafigdnuoa j and cMy sie uatfoely £iv«a ss ihe 
soluuoa of ibe sieady-aiaK efloauoaf 



» c,, V) 



( 4 ) 



ubject to (he eotvUitotta; 



n, £ 0. v; 




( 5 ) 



Hie cxjeatKt of itie limt <J| guasateti ihai after a lar^ enou^ aumber of aep«. tlw 
diffmin coafisuraitoos are gen e r a ted folkwiag a piobalolity density f1 T}ka k is said 
that a disenbotioa of stationary probability or sioistioa of ustie a^iulibdum has beea 
reached 1/ niiM been previousty chosen, the iiKihod coausta of selecting pi^ so tiui 
the coodihoos | 2 ) aisd are ftdfdled We oust <veu ilv fact that tl>e corvUuon of 
mterosKopK reversibility' 



^.p., • ’y 



(b) 




130 



A gokzAlez lapowtftal 



plus tlv M«nidli2Stioa corvUUM ai« «uJTia?fic lor (4) lo be SAlisfied. 

UfiaJy whft eto««d iswlwnaul sysKtrs (N.V.T^ ve srudted. ihe canooml 
disujbuuofi furcucei j< dtoseo 



D(?M) 



HN.VJ) 



( 7 ) 



wluie b Uv poismsi efietgy of the <yjteev k ihe BoHsoann cceisiaM , T Uv 

alnokjK (einpctaniK and ZfN.V.T) ibe configumioA inte^al' 



ZiNyj') /r ,8, 



In tluf na. once tlv etaiKiica] equlibrium bs< been readied, die Maikov chain 
geraiates s vajettoiv itvousb cooftgarauon space diai samples con/ijufatioos in accord 
«iU) tlK canoruca] Bolezoiann disuibmion of coaftfarauccis Averages over these 
saatistical vajettones coirespood lo equilibrium canooical eusemble averages In this 
way die mcao vatiie of any meeharuca] properry M of die system «hxh depends OA]y 
on the configuraiioA coor^nasrs. 






.yrtt*)) f jr 
* „ ^C“> 

z{Ny.n 



(9) 



simply reduces to the stint' 






* IT-, 



no> 



wtiKli IS calculated only over ctae con/igurauoiu obcaiivd from the siiuauoo of statisiKal 
eqtiibbauJD 

Aoy selection of p;, that ftilfdb coiwUuoiis <2| and (6| leads through an infinitely 
)oog chain to tlv stationary disitibotioo given by (3) Acioally the chain leusi be of 
finiie size so tlaat oik of the mam diffietilbes m iIk MonK Carlo eieibcd consists of, 
by using a reasonable amooui of eompaitrr tune, to gtiarantet the convergence to iIk 
eqtiibbauJD ainauon given by <3) and to achieve a run over the configorasiocial spvt 
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brg« ftough «o (lut {M) c*a be evaluated wjih aufficKui ^uiaey uueg (he eiQieafjoti 
(10) »nti n fiaiu. 

l>>e eottveeguKZ atvl «ia(iiucal error tMHoda of Ok cakiOauoo* aie o<ual)y 
iDonitored 12i,25) by pafiiuooieg the dtajo loio «everal rtorto^'eriamieg blocks of equal 
bsttghi 'nieo Ok mean value of a na^iDde M (usually ihe pmeetial energy) over 
evil block b of cottfigDraiions is calculaied k a cotaudeml (hai ibe siausucal 
equilibouin has Mo Kvbed sslice these iiKaA values (M)b fhinuaie arcutvd a stable 
mcao value (M) Wbea Ok siaiulauoo ba< emkd, suppoiiai ihai the loean values 
att jodepetwlefii ai*d are ttoneally dtsinbuied and Otai (be Markov chain is etgodic. the 
error bound for (be propeny M wiibin a 95% of confideuce are ±2tf si'lKie; 



.V* ) 

)?(«- 1 ) 



W‘ >. 



<Mi 



(II) 



and Ok sujb is over K blocks 

Ihe problem suitb coovtigetKe is paiiKularly uoportani si'Ika dealing si'Uh soluhoos 
[2d,26| The configuraiiooat means in a pore luiud aie calcolated by averaging over all 
(be oonfigurauons and also, given the fvi &ai all Ok paniclas air identical, by 
averaging over ibe N particles of Ok systero However in siimilaung a solution Oktc 
e onr soIuk paniclr and N*l solvent loolrcules lu Ok evaloasion of configurauonal 
ineans wiOi resprci k> Ok soluie, such as (be solute^tvem radial disuibotioo futKUona, 
Uk s(a(is(KS IS reduced by a faesoi of l/N si'Uh respecs to ibe purr liquid Tbua. longer 
chaitK mun M gevrsted or, ahernaiively, mrsbods that acceirtair tbe convergence have 
•0 be devised so (list Ok study of solutions can reach a degree of accuracy similar k> 
Ok one obtained for pure liqsuds Ihe laner point can be achKved by conventemly 
choosiug (he p, clemenus of the tranamon mairtx This way, in section 2 1 Ok 
M etropolis algortthm is described whereas section 2 2 presenis an example of alternaiive 
fiKthod suggested in order to vcrlerate tbe coovsgetKe of the Moute Casio 
calcubtiofts 

Once the siausucal equitibriuiD has been reached, the nomencal dais corresponding 
V the succtssivt Markov chain configurations leusi be stored on a leagneuc tape or 
dsb There are nullions of real numbers, gensrally swred wlthiu a binary code Otat need 
a consdetable volusoe of memory atwl contain a huge inount of infomsuon about tbe 
solution propemas The proctse to exuact these data is poite coreplex and the tirul and 
quantity of structoral and energetic propertKs depend on the studied syaena aa well as 
on the ifiBginauon and the skill of tlK progiamsiKr We must take into account ihst tbe 
program that prodoeex Uk configurations as well as Uk ones that analyze them must M 
rewncten or, at lease adjusted for eacb studied system. A portion of tbe infomsuon 
obtained from the simulation can b* readily compared with expetiiiwntal data whereas 
anoUKi pan consists of resoHx not expenmenially attainable 

Up (0 this point and in (be foJowing sections and as long as the contrary a not 
specified all Uk dscussion will refer to (he study of cloMd ootlKniial systems 
l^.VPi Though in the applications of Monte Carlo meebod to the study of lofutions 
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II 19 ciuiomaf^ to imke lae of caooruca] «iuoieble, ib« Maikov chains can be 
siiDilory gcoeraied for any aasnbic Mouu Carto eakulauofia in tlK iaoitwnBal*i}obanc 
cnaeieUe are discoucd lo scuon 2J 

TIk diffetenetbeiwetA tlw eanoaicat (N.V.T) and iIk uodKnaiaJ'jaobvie ensembte 
iN.P.T) i< Dial 10 tlv laur (he Uwnnodyrtannc pres<urc la kepi cotiuant ihroughotfi Um 
iiouilaiion insiaad of tlw voloev of ibe ayatam lo both anaeieUea though tiiDoJaucns 
a\ diffeteoi icjoperaiiuef are earned out in onla* to aoatyM tlv effect of iheneal 
a|i(aikon on tlv energeatc ai*d <me<ural claaraeurjeitce of Uw ^etated eonfigiuatiotas 
lo both eoaemblea too, the nomMi of sol teat fooleeulee that cao be eaplieiily eimulated 
by meane of Uv Monte Carlo iiKihod is obviously ^luie <upctior lo wbai eao be done 
ft'iiti any <|uaniuni discreu mettaodology like ilv eupannolecule af>oroacl) lo any case, 
that siaiisitcat rwiinbet is auJI too saoall eoenpared with (lie Avogadro nomber The 
artcmpi to infer the behaviour foi large syeteou front caleubtioas with a fe« hnoifted 
fnoleeules clearly eousuuiie< orw of tbe mo<i saeiooe ap()ro(iniaskoci< involved lo the 
afifilicaucn of the Monte Carlo meiliod. and one a'hieh needs carefol eonuderauon 

lo Older (0 sjiTwIaie a< doaely as possible die behavtour of an oifioKe sysiesB. n is 
CDstoetaiy to use die so-called "peeiodK bourvlary eondnions' Tlae mathenuiieal 
ireatesTKot of those "periodic boundary eondiucns" was due lo Metropolis Basically, 
the loethod consists in locating tlv N-pamcle system oodi* study tn a central boa 
(basic cad) (hat is surrourvled by (ransbuonal syiomevy by as infinite set of idenucal 
boxes TIv volume V of (tie syssesn is chosen to have a shape which by the usual 
(ransttuonal replicauon fiJs kAlinunstonal space coeopleuly (v s } in physical 
sysufiui Contpatauonally tt is usually convenient to choose V as a cube or a 
rectangular paralleWpjped With each configurauon of tlv N molecules in V is 
associated tlv same configuration in each repiKa of V, thereby obtaining for each such 
coufigoraucn a corresponding penodie coofigorauon of an infiniie systtin Molecules 
froiD different botes nay imeiacc in sucb a way that sur^e effects aie ebninaied 

As It eiilJ be etplained in section 6 tlK usual way to evaluate the poKoiial energy 
of a system smuilated by Moms Carlo lecbmaoes makes use of the pair potential 
approtunauon i although, as it will also M reviewed, sxveiat works have already 
appeved where nonadditivtty eoerecuous to the inteiaciton potcnual have beeu 
inciiKled) In (be pan pwoiial appioxjnauon only two body mtet^uons ve taken in(o 
^ouiu We will briefly expbin Iwre bow to apply (his approxjnauon for tlK 
ealeulaiion of the poienoal energy, to the periodic systeso juu descritod Tlae imeraciion 
poienuat erugy under tbe pair potential approtimaiion can be wnnen as 

l/(^i*i) . (12) 



where tbe uidetes a, prefer to the different eiokcules of the sysum and tbe sumeation 
etiends ovar all (be possible doublets (a , ft) . V'*' is the so<aOed pair poteuual tlv 
iniervoon energy of a pair of noleeules 

In a periodic system iheetpression ofihe ibteracticn energy under tlK pair poteuual 
approvh would be (he following (assuming, for lasianet, tlv special ease in which the 
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|Mir pwoual ofjy upon ih^ djsttACt betweta any p&jt of paAicI^)* 






frlim V'^ def»en(J« qaJv opott itic disiaAcc = . 9p * 4a I b«tsi««n parucln a and &, 
Uv prjev oti ilw fira suiDtnMOfi «i itw serosd Mm of tqustioo mdicsut (bai ihe 
ajdtiMfi u doM ovar all boats eactfK tlK cteval otv. L is ibe ed£t of ihe ciibk boa. 
and V siaads for (h« poucno v«c(or of a bot vmus ihe ongut (OJI.Oi a'bere Um baste 
ct]l IS ususOy « rutted 

Tbe lofifiiM MoimsuoA repmtfucd by eqoasion 1 13) camMS t« perfomed etcspi 
jf tlv ifusracuort poisriua] beiwscfi lairs of panicles caiMb funhtr on «oim paiucolv 
diaraiKS, like it happeoi, for inaiaiKe, widi the haid-^berc poiesitial 'niesi, aonw kji*d 
of sppeokiinouofi iduu be ttooe in those systeeu that ifiMt^ by rwaiu of a soft and 
conuauuiD poteiuial when uyiog to evaliate tlv poemiial eoergy of an inHiute systeto 
front oalculaitons on coofigorattons uah a seiall nuiiiMc of panic tas Several 
appro xjiTBUo Its based oii the nteihodolo^ of iniiKaiad inteRDoleoilar forcts have 
appeared in the lueranire Oik of ihe loosi popular is the ntintitiuiti linage (onventioo 
Aceordiitj to ihia nteihodolo^, a nsolecule of ihe ceeiial boa only latai^is with ihe 
closest penodK iitia^ of each one of the other N*l molecules tit ibe same box This 
i» eqoivalenc to truitcate Uk uuenBoletitlar poieoual ai ibe lieiits of a boa ideetical to 
iIk oetgiita] oee but oow esuered at the pvocle for whsch ioieivMoo< are beiug 
evaluated 

M. THE M£TKf)POUS ALGORITHM 

The p, elenteitts of the uansitton outm can be stniien as a pioduct of mo temte 



r„ • % (Id) 

ti| depends cn how the anempud new coitfiguiauon j ts generated from the i 
configtirauon ui only one step Oij is Uk peobabiUty (bat the trial move is accepted In 
the Metropolis algonthm 






( 15 ) 



So dial' 






(lb) 




A OWt\LE2.LAKlf/rBTAL 



il)3i ihc p, «lcni«eu iefivd by (16) tulft] tlK cot*djiiotu (2> and 46> 

Ahhou^ihfotatkalty iift'OuJdlK poaubkiAgofmo on« configufsijoa lo 
anoUKt dvou^b die global moUM of (be N tysKoi pariKlea, actually die pndubilKy (bat 



P.! * • 



II wtje accepted siould be veiy seu]l Tl^efore fno(ion< are rtonnaUy restricted irv only 
oite panicle per seep, landorely or seqiKruiatly cboaen Tlus «ay tlv configurauort 
eoordinatea i and j are related by 
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S'"' > (0.0 S,.0..„0} 



U«) 



and Of IS 3 ditplacciDeni vector for (be psrucle t selected for (be stove In Uk case ol 
polyasomk ngid toolecslesi 







( 10 ) 



where Sum. SycM . S20.1. are ibe displaceeienis of the center of siau and is (be 
rotation around a cltoaen axjs ^ passing tlvougb tbe center of isaaa of else stolecule y 
In (be Mctrcpolis algoridus the componeou of ibe displacement vector Srare 
obtained by ufiiforetly sampling from (be doroain D. centered in the coordinates of tlw 
iDolerule y is the i eceifigurauoo, aiad defiiKd by tbe isatiiDsm allowed displ^ment 
&MAtt and maxiiDom allowed rotation parasseters leonverseoce celenty greatly 

depends on the values used foe these rwo parametersi. Tlaat li, all tlv poutioos inauk 
domain D have tbe sanae probability to be cboeen as ikw trial configimtioiu ITiiiS' 
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' i> 




'v • « 

'e ' 
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(20) 



Two m cofnmooly uj^d tA ordtr to ^kct ih^ roidtiot Vi\i ^ 

si£itiod of 6ork<r ood Watu |27«2B| ^ js ciMeA by UAiforAily ^ajopbtg bmfttsi 
x,y ^od z lA 0 fii^d fi^ou of rd«mce Titt wood mthod rttk^s um of iJtt Eol^f 
aoglLS |29). 

ProAi tJtt expfratoni (20 l ^tidtioo (16} for Ox M^tropclu algcrjOuo be 
wrinefi * 



p^, r ««(!,□, I n,} , m; , 4 '/'^ s • £> 

fj, - 0 , i»; , 9 '/’^ 8 • D 



ExpKsswfi (21) te)k v« (hai jf I1i& tlv nAotcat diiiributkOA tuKiiM {7), given itiai 
p, dcpKfvl« OA the <|iio(ietu T1,./ TL tlw cakulauou of Cm coAfiguiaiional integral 
ZcN.V.T) 19 avoided llu; chuge jn poumial euigy of 0< <y9Um diK lo Cm (rial n>ove 
decemtiftes if Cm aneiDpeed nea.' coAfiguranoo la aceoptad 

CONVERGENCE ACCELERATION: PREFERENTIAL SAMPLING 

Tbia AioCxd [2A26.30] is spccificaDy soiled for suBidaUAg solouotai. A great deal of 
(he A1Q1C interestiiig prooeniea of aoliitioAa are eaaenuaJty dnevAiiAcd l>y the «oline* 
solvefii and aolveat'SoFvefu iiuerMOAS dose the solote Ibia f^ suggests (hai Cm 
( onvergetce of many soIouoa prop^es caA M aecektared by iiBinly saAipImg in Cm 
viciAiiy of Cm solute iu coomst sviCi tM Msiiopolis ovshol that rampbes anong aO Cm 
soIvcAt inolecdles svuh identical probability. 

Tbe (oaiA Klea of (be loethod is (o vsign a sreigbt funcoon sv.(y> to each solved 
molecule ifi> configueauoA i so Cut ilu pnibabibty (bar a givoA ^ is chosA for ihe 
(rial move U' 









( 22 ) 



Ibis oiannet, if y la the solved molecule aelecied for the niove' 
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tMMM » (T) , 4'/^^ € 4,'*^ • £> 

0 . 4r ^ 



12J) 



obvMXJSly no« i,<(, 



- nMUairi W{1) , 

f 4'''' • O 



(24) 



In o^lr/ tbs mcmcofk <owLtioo (6> be txjiniWd nuM be 

ai. 



- r<witj.ff'W(v).M„(I.I^r(Y) / n.lV/Y)). € f/"' • D 

p^, - fi, « 4,’"' ‘ D 



«'.(Y> c*A be 3 (vricuon tA tlK 80 late*«olvetit twerscuoti ctw/gy, ib« onettsuoo, the 
djeta(K«. <K w.iT} i« isoally cbosAA as an lAverted po«'«r of ihe disraoce / beween Uw 
solute and Uw g solvent oiolecole' Ur, l/r' oi even l/Cr** C). C being a gjven eotwaoi 

m- 

SotuK mouotta foDosv a<|ijite dtffereAi parterre l>ie sokwe is penuibed aftei a given 
nuJDbei <4 iDotions of ilv solveni HypoatKUcaJy, the solute coukd remstfi itsoiiortless, 
ft'bidt svould correspond to place the aysteio of cooMinates jh (he solute iDolecule. 
However, front a siausucal pcdin of view k is bertet to alkw some mouen given tlw 
fv( ihst if a solveoi itsoletnle is displaced, ooly one sokuie*sokvcni iotetacuon is 
periufbed wlufeas tf K is tlv sokute that moves all (M solute solveni interacoons are 
modified. 

tX ISOTHERMAUSOBARIC MONTE CARLO 



TIm isoilwnsial'isobafic ertsemUe (N.P.Tk aQosi'S ibe simulauon of dwmtcal 
syaems ai a cortsiant Kmprrature and pressure, socb v 29B K arvj I at which are the 
most usual eiperimenial conduions Ai a given set of fN.P.Tk (be probability <kttaity 
(s not only dcpeoikni of but also of (be volume V' 
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MOKHCAttLO SIMUUnorfS OP CHEMICAL 0^ iOLUHON 



I3T 



P (iM pftSluft ol tJtt iysum and .Ti tlM c^m/j;uraUM ifuafral m ihja 
erumUe 



, /* / « ^ 



(27) 



'Dm «u(futal cltu^ *jih respect lo tlK nAMicat ensneUe j« the wb&utuuM of 
ihe inrernal <c?tgy U l>y Uw rmtulpv H s U + PV itt «4uaiiotts r?> ai*d (S). 

Hu mntt valiK of a timhafuc ma^biiude M wtuclt is oely fufictkd of S'" si*d V 
i» given By 



. . 'ftfif"') • ^)/»r 
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Moott Cailo tnetlwd wiitiin ihia eiuembk [29,80,S2,U] differs from Uw canoruca] 
aucmble (N.V.Tj io iBai the configuiaiioe variabkra are S'*' and V «o that in the 
sueceasive steps of Uw Markov chain not oaly oust be penurtcd but abo itu 
volume. Poi ctMDpuiatiooal rsMoiu it is convefueoi to introduce scaled coordmaie« 



A 



h 

L 



(29) 



mbe/e L is tbe ceU aide length of tbe cobic lattice, being ibe coordinates 
difoea&ionJess Tfun, the sanpliug leisi be doru over the variables WIkiw oru 

step of the Maikov chain involves a change of L (and so of V) al) tlu intei-pafucle 
disiaoces are scaled Volume is not changed ai every step Tfu naore convenient 
fre^uevy is csepincally calculated. )f h is too high, it is too nwch daw consuming: if 
It o too lo«'. a poor convergeucs of magnitudes relared to V is found 

The leain drawback midi the ap^ication of Mouw Cailo method in this enrembks 
Ires in the fu t that doe to tbe perrutbadon [24] that must be applied to the volume, it 
tafces appeoiuDarely li% loore of computing tuoe than m Uw canonical (N.V.Tt 
ensemble. Another possible problem is that some interaction potentials may lead to 
unreasonable densiues in tlw cakuladon 
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[(I order (o apfdy iIk Motue Carlo tnrVMd irv s c)KniKal reaottcei ia aoUujot, two 
gcfuat btoUera jiitmediauly appear FImJy. ho« do the coofifuraiiottal have 
10 M saoifdad' 'Riai is, «')ucli cceififursuotu ve oottaadtied ai*d wtiai kjfMl o< olwoiica] 
jofonaiaucd can t« cxirxiaj from dino Secoed. hoa.' is the poimtial energy of eacb 
(onfigiMSUoa cvaloaKd'' T}v dsetiruoo of tfiti Iasi point be delayed uruil section 
t, 

RcgardiAg the fmi pioUeie. ibe most deiDeotal ircsDDent consuif of foeisiitg on 
a few pom« oo the gaa-pbaae poteoual energy hypersurfve, naibely, ihe reactamr, 
iranaiuoA etaee sinKtiires and prodicu. As an example, we nil) hwoiioa Ok stork 
| 3 S, 36 ) ibat »as dov on tlv Meyet*Scbiuier reacuoo, an vtd catalyzed reamitgeroent 
of aoceiyleiue secondary aiad teniary akohols to o ^*muauiraicd cvbonyt cortpotindi, 
ei »ltich tlv sotvenc plays an aruve role. T%is reacttcn corepnaes four siep^ lo (be first, 
a rapsd proionaticn takes ptacr at tlv Itydrozyl groop Ibe second, wbiclt is (M rate 
bfiucing step, is an apparent 1 J'lttifl of iM protonaied hydnnyk gioup front carbon C. 
to caiboA C. Tlv (bird step is peesiAably a rapid allenol deprotonatton followed by 
a keto*eool equilibriiuo that Wads to the fiiaal pioduct 

For itae rate bnuting step in an afliMous acid iitediuoi. the iiuenooleciilar mechanuo 
of Edens ei al [ 37 | postulated a reaction paiti tbrougb a transiuon staie structure 
mvolvtng iIk attack ofene solvent statu to itw C, ceoiu, stlule (be pnatouated by^koayt 
groop Waves the C, ceotu and becoroes a free water solvmi Such a transiuoA state 
structure seas found on tlv 4*3 IG potential energy bypusurface, along widi the 
cofTcsponduig reactant and prodoci, for a gaa-pbase sysient consisting of an oiygen* 
proionated owibylbatynol p(is oiv water oiolecoW TlMise gas*phasc siaitonafy 
structures uere il^ taken as tigsd solutns, and Mcnte Carlo (»nh tlv canonical 
disvibifuon fuiKUoiti suDulattons at 3 CK> K includuig I 2 S statu luoWcuWs aa solvent 
svue carried oot to reproduce the solvation effects. 

Because nidi a veaDoent tiupbes ibai Um solvent configurations ue gciuased 
around frozen gas-phase geonaesie of tlv solute, n is cvwksni that the solvent 
upiiUbntdD hypotl^s has been used, although in a way slightly different fmo the caee 
of tbe clusters In clusters, it is first avuiurd that solvuM coordinates ue at a nuoiieuiB 
eoer^ point for each fixed solute coordinates Tl^ if necessary (be conuibuuon of 
tbe remaining suunuies taiiseog frao tpianuzed vibrational of eacb dividing surface 
idefuMd m a suitable orteotauoni is implicttly taken into ucount by loeans of the above 
mentioned staiirucal tbenuodynamic formulae. On tlK other hand in j Monie Carb> 
simiilaikon of a civmical leuiion lu soluuon the differuit classKal configurations 
belongiog to eacb dividing surface are expliciily generated 

If only tlK solvatMn of tbe gas>pliu« stationary potois are studied, we are working 
witbin the fiane of the Conventional Tiansiiion State Tlwory, whose problena when 
used along with tlv solvent upiilibauiB hypothesis have already been eiplaiised above 
'Riiis, (he set of Monte Carlo solvent conEguiations generated uound tbe gas-pb&se 
transition state strteture does not probably contain tlv real suldW point of tbe whole 
sysienv (bis way not being a correct repeesentatiou of itv convenuonal uansition state 
of (he dwseicat reaction in soluuon However, in spite of ilaat (bis eleroemal treatment 
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k» iMi able (0 affoni a <|ijafituau«e esnmauott of il>e reacuoa rau, ilw deiatlel analy<ia 
of ilv aolvetu cofifiguiatiotu csa aupoly s lo( of iwetuKtts ^lalitauve ittfcnoaijori aMuc 
tlw revuott fiMchaniifn 

TuniiAf back lo tlv rate tintiiifig step <4 civ Meyet*Scl)iater reacuoa, a close look 
of tlv ififter solvaucci shells sho«a ^aier amngesoeau tbai pio««le ao luxful leoletitlar 
koowledfc about the methafuftn At tlv rociauL ibe oxytea radial duinbuitoo fusicoon 
arouitd cbe C eemer pee&eruf a very laige peak T>iks ^t. along with the 
cbaracvnzauoo of the moie Sigpificaat aUDCturef, jodicaies (hat there are several svavi 
oK4ecule< ia the soluuon conecUy onuued so v (o laiuaK a noclsophilic auael csuo 
C Hie balk supfioas (iMse waKC motecolu in the adcqtaie poiicioo lo peodisce the 
leMOA, (his way giving nse (o a solvent cagirtg effect On the other harvL ilv solvanoA 
<uuc(DK amuod tlv ga»plt«e (ransKson uaie stnicdue reveals Uv eaisKxe of aonw 
coofigurauons m which "holes* iwatei xcupanoo defaults) appear in the neighhouehood 
of the ptotonatad hydroxyl group artached to the C, centei Ibese holes in Uv aolvauoA 
sheD naks possible an outgoing chataivl to eiact the water atolecDk boodad to C,, iha< 
aidiug (he progreas of the reacuoo FluaDy. the piatooated hydroxyl groups for (be three 
gaS'phaa siauooary poutts are sba to be fuJy solvated Tlv solvent water atolecoka 
lA (beii neighbourbood are «o ceiencaied aa (o nsake possible bydrogen tondiAgs with 
Uvm Networks of hydrogen bonds are found which cooivct the texuve sites of the 
solotns 



d. Culcnlalinn of fte« vnerey differviKes 

Free energy is the key quantity that is required to determine (he rate of a cbenucal 
reaction Within the Conventional Traosition State Iheory, the rate constant depends on 
the free energy barrver imposed by the conventional transition state On the oitvrhaod. 
in the ftafoeof the Variational Transition Siaielbeory, the free energy u the tnagoitude 
ibu allows (he locauon of ibe variational iransiuon state Then, it is clear (hat the 
evaluation of (be free energy is a cornerstone (and an imp«eiant challenge) in the 
stmulaiioe of (he cberuical reactions in soIuuoil 

In order lo fix ideas, we will consider a this section a camnicalensefuble [SS| In 
(bis ensemble, (he Helnibolu free exrgy is straightforwardly related with (be canonical 
pamuon fuxtion through 



f(iVJ'T) * kT\nQ{Nyj) 



(30) 



For a classical system of N point panicles enclosed in a volume V.at a temperature T. 
(tv canonical paniuon funciton can b« drcoroposed in two factors The first one (Q,) 
coiivs from the uuegiaiion over (be space of nurumte of itv kinetic teno of (he 
classical HarDiltoruan, wbich represents ibe free rtiouon of noninteractmg panicles. Hv 
second one, which introduces the interactions between (he panicles and involves 
integration over (he positions, is the configuration integral This way, equaiiim (30) 
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A CONZAL£2-LAPOm ETAL 



pv« 



F{Ny.T) . kT\si\Q,Z{N.y.r)\ <31 ) 



TIm difficulty arisKS from tlv fact Out ihc OM-«t«p uaoucion pro&sbJiiits of cM 
Markov cluin lovolvc only ratios of probalMliiy ikiuiiits. lo a'IiicIi Z^N.V.T) cancels 
out This oiay, ihe Mevopolis Maikov ckaio piocsdure mteruMnally avoids (fee 
calculaiioo of ifee coufigurational lotegral, the Moute Carlo ovafecMl not beieg able to 
directly ap^ aqojtKn <31> 

As a fiBUer of f^ we are rather interested in free eoerjy differencca bc(««cn 
dividinj surf area. Hien, if S' aivl S> stand for the dividing surfaces associated to the 
uansition siace and tbe reactants, respectively, taking into ^ooet that Q, is not 
drpendctit of the dividing surface, tlv free eiwigy barrisr (dF>> is wnnen as 



Af t 



f « 




( 32 ) 



wlwie e^ imsgial is just spanned over (he set of configurations belonging to each 
dividing surface, isspectively T>is peoUem lies again oo the fact that both integrals aie 
juet configuration lotegrala, aKItough now ilwy are confirvd in particular zooes of the 
ccnfigniatiooal space, ebeir caknlaticn not being pesubK in a Moote Carlo simobuora. 

Ae cfluivalenc way to envisage this profelem is throogh the oonsideiaiioo that tbe 
peobability of ap^eaiaoce of a configoraiioo beloogiog k> a S divnling surface le 
propomoual lo the correspondiag configoranoeal integral eatcrvled jnsa over S. Thue, 
tbe fret energy bariu could be obtained by toeane of 



tF- ■ trta 



(33) 



wlwc B|S*| and n(Si) represent the number of umes a oonfigutauon Mtcnguig to S* or 
Sk. respecMvrly. apgiears along a Monte Carlo rtui. In a svaightfomvd Monte Carlo 
umulauoci, one svould count Uk uiuotar of times configurations of a given disiduig 
surface (S* in (he present caeei are vishad during the couim of a Moma Carlo tun, m 
comparison with tlK number of tuiws & is popnlaKd l>ie qucsieut berween t>xb 
numbers yields a good estimation of the free energy barrier, provided that (he run le 
long enough 

Hosvever an important difhculiy immediately arises when one realiue that sue are 
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inKmKd irt a relauvely me <v«at l>te fret eMrsy bafticra lot clwmical teaerioiis ja 
aolmort typically ranje from a f««' (o many teru of kitoralocie* pe; eiol For exampte, 
ifOF* • XI kcal/moL at Ts 24S K on avenge tbe vafiatuon slate is readied only oi*ce 
foi each JO" conliguiatioiu eorreapoiMling lo tJv reactaw TJv genetauon of uieli a 
AUfitbc; of eonfiguraiMns is coseplevly ieipeaciKa] because it aioitJd require thotuarels 
of yeara ofcompwer Dine in a very fasi macbiee Even to this scale of oew, a reJauvely 
poor siausun «' 0 uJd be acqatred for tJv uaoiiuon state 111411, ho«' ate sue to obtain 
loeaiurt^ful staosucs foe itwa very infrefloent eventa ailthoifi wasnnj uev popailaung 
inelevant thou^ accessible coofigorauons^ 

To ciKuiDveru ibia peobket avotdiog such loefficKot exploration of (be 
cortfi|uraiional space, several nwthoda Itave emerged. T>uo paracobily iseftil 
appeoaclKa are the L'mbrelb Saetpling aod the Siatistical Peruiibaiion Hieoiy Bcrb 
mestMds can M osed eiitu svitb Mouie Carlo or wiiti Molecular Dynaieca stmubuortt, 

4.1 UMBRELLA SAMPLING 

iM IS sup^se that a (ransfonatauon path along a suitable nkuoo ccoedioate r 
oonnecurtg Si and S' i< defined TIus u equivalciu to defiae a set of dividing surl^ea, 
each orv fomwd by (t>e erueroUe of configiuatioos that has a particular value of r. If 
tlv r cooedirtate is allowed to vary dorirtg the Monte Carlo suBulauonjust like any other 
variable, (he ibqs( siroigJufoniaM fabhough paue mefficienij peoodure is direct 
sampling of r according a Boltznann disvibuuon. The ftequevy of occurrence of 
different valoes of r dorirtg the simulaiion can be accuoiulaied in the dditibuuon 
foxuoo gtri. wbteh IS simply relaied to ilv relative fret eMr^ (or poienual of fneas 
force) of (he systeie as a foxuoo of r by 



W{ri - 

Hus «ay. (he free energy banier is gives by 



(J4) 



&F' **'{'',) 



(35) 



subere r* and r< are, re^eciively, the vaixs of (he reaedon cooidinare iha( define S* aisd 

S. 

Unforrunaiely. as M hat been above eiophasized. tlv lauge of r valws ihat can be 
reasonably sampled along a simulaiicn is very lumwd Umbrella Sampbng |39*42) can 
sometimes provide a solution by usuig an antficial biaaing potemial energy function 
subich IS added to iIk poienual energy U. h cao cousirain the simulaiion to tample a 
p^cotai range of r vaixs or fknen tbe erugy barriers, Theu, the htenre Carlo raisdom 
stalk IS gerwiated m the usual manxr, but iJv coofigoraiions are seixted suuh a non* 
BohziQaan probability density 




U2 



A CXitiZAlELUSCHT kT AL 






, . D'(rijar 



< 36 ) 



svlim U'(r) J9 Cm iMastttj umbreDa pouetia]. AAar <iidi umubuotts, Cm (flacts oi am* 
BolunsAA aampljtig can be removad 'Riiii, tlK me dieuibtiuoA fjtKUotL gcrL j« 
recovued (brou^ 



g[r) 






07) 



«')ue s'(r> Uw bas««(J diMribucuMi Idikum and < refeta (o a caAotical aveta^ 
in tlw biased ayaieiD (ihai is, takjng equstioa as dw piobaloliiy density of ibe 
coofigDraitono 

If ibe entire lau^ of Uv r rencuoo coonliiiste is soil not spanned in a single 
SIT) Idas ton. tmportanec sampling has (o be used T}tai is, fnidtipU simobuons aie 
psrforotfd with blasmg umbeeDa poteniiab (bai eentni (be santpling in difftieni, 
overlapping regions ofr (windows) l>ie number of windows is cbosen in onki to cover 
the toia] range of r Within eacb wmdow the configiuaiions are scanned to determiite 
g(/j. After tlK full range of r a snid«d in (his way. ibe ful) g(rk, and cbia W<r). aie 
found by rcqouisig ihai tlKse func(ions are concinDous functions from one wimlow (o 
the nexi Actually, tlK W<r) mean foice potential is detenomed in each window to 
within an uMitive constant, which is a consequeuce of the f^ that tlv g<r) disinbuuon 
function IS obtained in each window to within a noemabzation constant Slitce windows 
are cboeen m such a svay that they have points iu common with ilvir neighboius, the 
g(r) values foe e^ window have to be spliced (ogether <ue ihe normalization constant 
must M Rusted frosu orv wmdow to the neaij to obtain (he overall g(r) 

TIk mam difTiculims of Unbtella Sampling are the choice of (he biasing nmbjella 
potentials and the vniificaiion of complete sampling for each window 

4 2. STATISTICAL PERTURBATION THEORY 

Free energy penurhation calculations [3L13-47) are based on a relationship m&ily 
derived ftofu equation <}1) 






kfin 




Wj_ 

kT 




(W) 




CaKLO UMULATIONS Of CHIVICAL (t2AmONS » SOLimW U3 

H<re ilw Ik< <iMrgy difC«KtK«, &F. I (tlw p^utb«d auie, «jcb itie U, 

poUQUaJ «r<rgy) and 0 <ihe ottpenuibnl state. «'i(b iIk Uu potmcial energy) j« o&ujned 
by a canoAical average. < >n. evaluated by raetplittg baaed ott ilte unficmabed state. If 
the penufbauott is Ivge. tlw average m eflustiM (3Sj will converge very dosviy 
l>>eretdre soote care iduw be eierciacd to avoad overly bige penurbatiotu lu tlws 
cases tlv total change has to be beokce leto a senes ot tseall cluuges, lo soch a stay 
that multiple siroulatsons over ituenDediatc states becst«cn 0 aiad I are carried otii Hwa, 
tlv total free erugy difference betsveeo the fully perturbed state I aiad Uv uepemabed 
state, 0, IS obcairvd v the smo of the partial differences bewcen tsuo coosecuove 
iruenoediate states 

Many ujoes it is cooventeet to define a coupling paraewtei X. that aJosvs Um 
soiooch couverston of syeteet 0 to I Tbeo for ntauy possible features ^ of the states. 
irKloding geomeincal and potential function pararwteis. equation (}?) can M used to 
represent ibe maiauon of state 0 to I as X goes ftwu 0 to I 



The X coupling pararoeter defines a set of interowdiate hybrid states beesveen tlv 
uupeniirbed and the fully perturbed states. Tl^ tlv total change in ilae free energy is 
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Vfhift U(Ad) ts ihtf pouruial aiwidttd with (kfiMd by and 

< >m^ irwbcMi t canonic^ dvef ^vd^uatnd by sampling ovtr ih^ mediaw &uu 
Ju 

sum ovtr smb/tlb iwplint bek sf tied (ts 

Ittcvctt. AAd iti empliii CMirol it cbowr^ tte ur^id /«gmx vjd i}u Xvtltii 
Htwevtt ihc choice of Xv^ms for opusul coovor^escc of AF vd(u&& re^oire^ &orw 
Dependini on M way m w^teb Xj« choA£Cd« eevee^ impkmenidtiOii& of (be 
ftti eoer^ pcfurbdtioo suehCMl at possible ]4Ld9); 

J) Wiodow froweb Is (bji peoudm, the rsA£C 0 ^ I of Xu divided op iruo several 
equally irwcrvab (wisdowa^. i c 6Xg s ^ \ 9 cosstSAC For each valoe of 

X a Moiitc Cerio ^imulaiios \s fun finely 10 e^ujlibew tJu lyatem uatAS ibe potesoal 
appeofHUte foe chst value of X and then adduional confl{wdtjoo& aee ^rurated to 
evnloaie the cor/eepcndin| eruefsble dvtta^e 

[n order (ocbeck the eelf<OAai«iency« tlu aimubtiory can be lus in both direcuooi^ 
14 ^ ^ nr^Xxi ^X except at the iwo end poirua Thje a knot's n& ^toobl^eoded 

iomphsg ]i0). Ii h facilooied by uein| double wide ^wmpbng. ru ^ (he fret eser^y 
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iifUttMS <of Ju ^ and X ^ I caA be obuiAtd simuJcaMOitjly aiAca bc(h rapture 
aajbpUdg baaad oa M X auie It u kAOwn [SI] iboi the ttmt catd io eance] otK witto 
tJtt renlti of (Iw M*o Xpathj in opposite djrecuofta m avara^ed 
b) S3o4* (fo»ib T>iu procedure i« tbc luoMiAj ca^se of growth wlw &Xjs verv 

soull It ta ttsiuoad thai if&Xia vaey smU u eocb wiodow tJtt aysteib rsouits lo oear 
equiJibriost and the ensemble avt/age can be appeoaisuied by ha instaAianeoos value 
Thua. equatiort <40^ kads to 



if(a,o-.A.i) - £ (i'(A,.,) V(k,)] <4i) 



nch ituettnnljaie sisu bcifi| changed an in/jnitnunul amotioi over nclt sup of ihc 
siewisuoA 

() DynaiD£SI]y eiodi/icd wuvlosi'r llus tncdMd is sjoular (o siindow grosHfe. eserpt 
il)at tlv width of «scb wtrvlow &Xi la deunoinrd by ilw stope of the fm mrtgy vrtaot 
X for /ectm windows 

5. \ iiruli««ul Tru>9li««i State SimulabinA for (lioiiiciil RcMtiniK in Svlutiun 

TIk firsi microKopica] coeifutauort of a free erw/gy curve for a chere^st reaetkon ui 
solution was p^onavd by the lotgenarsi's group |4U2.5S) ko years ago T}wy smdaad 
(be degenerate reaction of cbloride onion with loeihyl chlorvk iit ga< phase, in 
Moeous solution and to dnoethylfonnaiBide (DMF^' 

Cl • CH.CI' • CCH, * cr 

wtiere CJ' siaiadt for iIk leavtng ddoniw 'I>te mKrev for (his kind of reacuoos arises 
from (he fvi that tlw rates of S.2 reactions involving anions and polar molecules 
dinuiush up to 20 otders of loagiunKle on going froee (be ges phase to pnlar, spccally 
protic, solvents 

Tlw basic procedure of the lorgensen's approadi (that we will oiMlinc along with 
(be S.2 results) involves (be followiug three steps, 
s) Dearminouon of tlw gM*phase reaction path 

6*SlG|dt ab iniuo calculations were earned out to obtain tlw mcrgies aiwj geontetras 
of ilw [n01iCf)> cluster at a number of represeutaiive points on the gas-phase potential 
energy surfM Both chloride anions aud the methyl carton were assumed to remaio 
coUioear (broughoui tlw reaction For fiaed values of the CCI dirtaiKe (rco), the 
remainuig geometrK parameters were opatnuied in C. symmetry. After the 
corraspoiading stiucnires had teen obtained, (he reaction coordinate svas defined as 
V — * tm 

which reflects the symneiry of (he reaction ((bis way, the gas-pliase iraosition state 
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siruciuK appnn ai r s Oj The lypml ioubW'WcIl «Mr^ profile «'ss 

obiAJoed, in «luch the isw> mrima correspondifig to «iaUe lOO'dipole conplner iCI 
CHG' or CICH G’) ftefAa Uw crtual t«mer inpoMd by (he syraoeinc 
uu«moo rute sinxnire TIm cskuJaicd ertergy of the lonnbpole coeipki /ebtive to the 
NKiifus (*I0 3 txal/noli as well as ihe energy of ibe nnstuon saste <micriue relative 
10 ilw lovdipol: coeiplei (13 9 tcal/moli are lo accord tvith tlK npenmcmsl 
coeiplsutioo enthal|>y (8 6 tcal/moD arvl ibe ssumatrd mirutsic bamer (II 6 kcal/nol 
a I 8 kcalAeol) 

Since tlv sisurtxa] meclkaAin sjoHibtion rr^uuee a knowbdgr of the ftarurts of 
Um solote along ibe rracuon coonLaaK ibe calctilaiad geometric parameisM and ilie 
energy were fined into anaJyucal fuocuotu of i. However, clw absotute magntude of 
tlM vaiiauon of rn< was <o smaJI (list tbis parameter was lield coanani in ilie 
iiimilaiions 

bi Developmctit of Uk intcrmoleciilar poicniial eisergy ftiactiona 
Hie potential energy of e^ oonfigurauon u obtained by adding ibrec tiitfs of paiiwise 
additive potential eiugy fooctiooi' the aohitc interna] potential energy (i r itie potential 
corre^ooding to Uv gas*pliase leactionL Uv solveoi'Sotveru inttiaction sod ihe solute* 
solvent igtsracuon Tltta Issi two kuvls of interactiooi were descritod throtigh 
Cotiloreb (r> aivj Leonanblooes (i* and r') terms, acting botween vanoiis sitrs on 
tbc loonoeKn For water, Uv TIFfP loode] jSd) was chosen TIk interactioa utea for 
the solute were located on its atooH li bas to M erepliasued that iIk charges and 
LenitanJ-Jones terms for ibe solute aioiDs vary along Uv revtioa coordioaic 'Diese 
paranseters aivj their dspcmlencc on r, wrre detenmned ftore 6*3IGtdi ab intoo 
calcubtioos on a large numbet of geometries of t)v CIGICf HO cluster spaoning 
the reaction coordinaie For tbe simulstioa lo DMF, ibe same solute parameters as lo 
the case of water, aod the pMsmetrrs previously obtained for DMF were adopted. 

Cl Monte Carlo simutauons of ibe levtion m soliriioa 

Monte Carlo iimitlaiions were carrud out to dnetmiv tbe free energy curve for the 
reactioo in soloticn. l>te simulations were eiecuted fee the solute surrouivled by 250 
water molecules (or ISO DMF moleculesi in the isothctmal*isobarK ensemble ai 25 °C 
and I atm, irKludmg peraotUc boundary conditions As a cousefluence, tbe Gibbs free 
energy is obtained m this case Tlwe is sufficient soiveni to adequately represent tlv 
bulk pvucipouon in tlv dvmtcal reaction 

Umbrella Sampbng simubuona wrrecsried out over sn wirvlows for svaier (seven 
for DMFl. corresponding to biasing umbrella potentials centered at different n values 
of iIk reaction coordinaie (rj 
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Tbe system is conssauwd within limited ranges of r by imposing a harmonic force Tbe 
force constants, L, were chosen to be progressively smaller wl^ going Crom the gas* 
phase transiiicn date structure region to tlv reactanis region, reflecting tbe expected 
SKepoess of tlv riwtgy profile Tbe expooenua] funciioci is added lo ensm uniform 
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sanplittg, iprci6]ly twar ihe gas-ptiaM vanutiM 4M sinKtiift 

Onct ilv mesa foicepouanal was o&taiesd, ihe free eaer^ curve was boilivp. simJ 
tlv <rr« etKTgy bemer and tlv varuijoaal itaefitkoe siais were idcaufisd T}v most 
sinkitts <csniK of tbe maMs v/v tfts almost utuoiodal nasurs ol Uv free rfirtgy curve 
la wairt in comran to (M double*e'sll QrofJs ju (he £ss ptuse Hus is a cortsrflosbce 
of (Iw flartrruiig of tbs lort-dipols loinie^ due to the panal dnokvaiioa of tlv chJonde 
aeion T}v cskulaiod free mstgy banirr in water (26 S ± OS kcaVmoli is m 
quanutauve a^recmoni with tlv npenovntal value (26 6 kcal/mol). tfts eohetKeovne 
of tlv ires erwtgy bairjcr m aqueous solmoa being <Juo to the fact that tbs uansfuoo 
srsK with 3 dtsprtse clisrge disvibnuoa fomis sveakci b>4ogon tends to water itisa Uw 
metams On tbc oU>ei hand wl^ tbe solvent is DMF. whose anion solvaimi sbiliiy 
IS dower then tbai of water ihr free eru^ curve svea fouud to be intenoediate Mtsveeu 
(base for tbe reectioo la gas phase aud ui a<|iKO(is sohiton, wnh the loe-dipole 
oompleies suJk apfMMtig as free cbergy loinima. T>te cakulaird free erwtgy bamer lo 
DMF turns 0(11 10 be 19J ±0S koal/mot, (be coeret|)ouding experuiaeoia] vatue being 
22 7 kcal/mol 

la toUl solvents, the vanatiouat i/ansiuoa siase (associated with the free energy 
leuuDumi corresponds, wnbm the noo^cal srrora, to tlv dividing sarfM located ai 
r = 0 It bas to be undeilivd that this fact is not a previous hypothesis iwhxb would 
rather correspond to tlv Conventional Transniou Stase Hieoiyi, but jt ansea, to this 
pantcular case, from the Umbrella Sampling calcokauotaa However, there is no 
rnforetauon about which is the locauon of tbe actual uaiaution uate santcnire jo 
solution. Anyway, tlv definition of this aaddk point haa no relevance at all, because the 
Monte Carlo ssntubtion provides duscily the free energy barraer (be dnerminauon of 
the traiiitioo state structure tediunng additiooal wort: arul being unoecessary arwl 
(inuafuL 

Since tor evh divuliog surface charKtenzed by a particular vahir of r, che 
remaining solute degreta of fserdoet aee kept frozen (cbey take the valuaa coetiog from 
the analyucal functions), some kirwl of solutc-solveni separaiton u sull iutroduced Tlvn, 
solvent eduilibrjum hypothesu is osed again Only wivn the free motion of alt degrees 
of freedom (excepeing the one tlaat defines Uk reaction coordmaiei js allowed wtihin 
each dividing atirtee, we can assure that no parttttcn of the system is considered, tlv 
thermal equibbnusn basic assumption of the Transiuon State Tlwory then being (be 
untrue hypotlvus alopted. 

A smsilar methodolo^ was appiKd by Madura and lorgensen |S5) to (be 
nocleophrlic vMition of hydroxide aoiou tOH i to formabdehyde (HiC^l ui »|tKous 
solution. In ihis case, the reaction coordinate was defivd as tbe distance toiween the 
hydroxyl oxygen arwl tlv carbonyl carbon {/’•) At evh value of tlv reaction 
coorduiate, complete 6*}l*Oid) ab inruo opumizauoo was carried out for all other 
geomevical variables within C« symeviry. Ihe energy and (he geometrical varuiions 
along the reacuon paib were fitted into contuioous foncuons through the use of cubic 
spline uueipolaQons {id). In short, this procedure involves cakulatiug the coefficients 
for a cubic polynomial for an interval Mtween two potuts. ai tlv sanv time smoothly 
splicing Uk intervals together, giving as the final muH a continuous function Ihe 
reacuon proceeds without energy barrier (there is no trarustion state strociurei into a 
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deep well |35 2 tcal/iboli <or ilw leiiaMdtal complex (r,n» JJ? A) in (M gae |*ae« 
CMWMty, UnMila Sanplittf <*ic)odiAg tlK sofuv plos 26P ^SKr motecobss ai 25 
*C xfvl I auni iliosiL (lut an importaM free eoer^ bamer |24>2S bcalAboli ja 
louodiKed liydraikon *iih Uv uaftsauoA saste occumttj ai = 2M A In conuast 
•0 Uw S.2 NMotL ihe free eoer^ barrier for ihe rwcleoptiilK adUuon revtioo in 
aoluijon i< nearly tnuiely solvetM*(tvlixed For both reacueeis. Uw pribcipat aourct of 
ibia aolvent'jiMluced free energy banjers in e/awr foutvj to be weaketung of aolote* 
water hydrogen tond< on gorng from tlK cliarge*localjzed reaccsoia to (tie more charge 
delocalized naftsauoo aiaiea It la noteAvonOy thai for ibia rwicleopbilK reaction a 
variaikonal iransiuoo aute apoeara in Mueotia aoliiuon deapiw (laat no gK'phase 
point eiiaia 

In Ihe recent lew yeara Stausical Pcrturbaiton TlKory has become tlv ousi used 
loeUiod (0 cakidate fret energy chang« 'nios. lorgenaen et al tegao with (Ik study 
of tlK effect of (Ik bydranon oo the cianunoci <iaie for (be S.2 chlonde excltangc 
reaction G + CHO [57), and die S.J reacuon of i-BuiG in iwaiei (o yield i-boryl 
cMon and chloride anion [d5j Tlie dee energy for ittia Inu syaietB. incUidmg tlv solute 
plus 250 water iDoleoilea at 25 *C and I atm, wa< <kterniincd as a function of the 
centra] carbon-chtonne distance, with tlie cblonde aiuoo mamiained on the C axis of 
tbe I'buiyl cauon TfK Stanrsca] Penufbauon TfKory was applied by seQiMoually 
pemubtng along tlv C-CI reaction coordtnate in steps of OJ25 or 025 A. In aD 15 
Monte Carlo simubuona stere earned out to cover C-CI dtrtancws between 2i and S 0 
A. Each «aloe of Uk C*G reaction coordinate defirtfs tbe corresponding dividing 
aurfact Ihe difference lu tlM ion pau*water inieractioo poaniial energies iluougb 
aquation (40) (taking into account (hat Uus simulanon is done m the isotbenoal'isobaiK 
enaemble, the volunse hae to be penodicalty changed and the Gibbs free energy la 
obiainedi gives the changes m free energy of hydration, l>ic total free eiKigy 

change, AG. is then given by the sum of AG., and the difference in intenoruc energies 
tue, tbe soluK inurnal pceenual energies) for Um perurbaiion Ihe larts quantity i< 
conatani for a given peruiibation since the chlortde anion was kept on the Ci axis of the 
i-buiyl cation Hie Mouic Carlo <imu]aiion< predict the occunence of a contact ion pair 
at a C-CI distance of 29 A. and the onset of tbe sotveni'sepaiaied ion*pasr regime near 
5 5 A. the free energy bamer for conversion of (he contact to the solvent*scparated ion 
pair being 2 I kcal/mol 

Very recently the Jorgensen's group has updared hi< methodology in order to 
invcaugaie Uk solveiu effect m several poncyclic reacuona [58] Ihe experimental 
probtem stems from ilv obarvaiion that simpk Dieb*Alder re^ona could show rate 
accrleranona by factors of ICk to 10* in aqueous solution over hydrocarbon solvents 
Consparabte SDlvent dependence for the rates of CLiscn rearrangements la reflected in 
(he bieranire Pirsily, they have caJeubted Uk changes in fme eiKrgy of solvation, AG,., 
donng (he reactun of cydopcnadieue with meibyl vuiyl kc(o(K m Itfuid ptopaiK, 
nsechanol and water [59] 'Hk gas*ptaaa ab miuo MEf (tlaat is. Uk intrinsic reaction 
parbi was detereuned goiog ttowuhill from ihe (ranatnon sum suucture to metants and 
product A movie couiaining 65 frames (or sohiK sarucrums) was obtained cowing 
reaction coordinate (defined ns tlv average of the lengths of ihe two fanning C*C 
bonds) values from 1^ to B2 A The Moute Carlo simulations wtre earned out in celb 
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cottairins 260 Qiopw, 260 nwitufiol or 500 wa\tr moleculn plus civ sotiM ja Uv 
i&oclKngul'jsobaric «aamblc Hu sysuie was pemalKd be<si'S«e a5|acsni fraeui (4} 
ol tlv 65 traom wtst ussd. spactd rau^ly 0 15 A apsKi and Uw cluagas in fm 
ff rtgy o( ulvanoA wtsi cooiptftcd via Suusucal Penuibauoo Huor^ A sjituIjt 
U ioMduft *is applied lo ihe Cbissa rnnaegeovni of ally) vinyl edur [60], for wtiich 
14} Oanas alortj du gas*phaM MEf «'<re psbsraud In (lus csa. 59 of Uw 145 f/mt 
D««d alortj iIk penorbouoo prondure, and 138 wsier molecotet lovodiKsd 
voood du solute Prom ihs analyus of Uv resulu of Um Mmobuons, it can be 
concluded ihai du enhanced race for Uw Cbisse reafran^eiDein in waier cotma from 
both ao locreaa in (he stren^ih and number of h)^lropeti borvls on peogmsini lo tlv 
mnaiuon state, wfeilc foi the DKb*Alilai reaction of cydopentadicne with foeihyl vuiyl 
iutorv the acceleration coevs pnmanly frona ju«i an ixrca&c in hydrogen-boed 
ftrengchs 

Usinj the sefluetce of gas-phaae MEP frames eacb dividing surface la defuicd by 
the set of solvent cooftgorauons tlut are generated around the frozen solute smccure 
of each fraibe Theo. «osm hiod of solut<*solveot separation is auuined again 

A case (hat deserves special artenuon is tlv cormpoivling to ebciron transfer 
reactions Tlvse kiivj of reactions arc processes of fuivlaioeotal imponarve in physus, 
clvmiary and biology Compotar simubuons of a varvry of electroa transfer systees 
are of constdeeble current imeresi Assuming a classical fiaov [61-6J], (he 
radiationless electron saiufer xcurs aiben a structure in sihicb the prec urs or and 
successor diabatK pobntial energies are eflual (the imetsecuon regioni, is reached as 
a resoH of randons iherral flocnauons m ihe nuclear ccnfignrstions luivolvmg both tlv 
solute and the solvent coordinates! of (be precursor complex Tlv spfiearance of itv 
proper fluciusuons costs free energy It is Uus free exrgy Uaet detrrmirws the rate of 
(be reaction. l>te elecooruc coupliug integral between both diabauc states is supposed 
to t« large enough for the raaciaots to be conveiKd into products «>tih unit probabslity 
in the intersection region but smaJ enough to be xglected ui calculating (be antouru 
of internal mergy required to arrive lo that region 

Several authors |64*7l| have shown that aconverueot mscroscoptc level choice 
of reaction coordinate for the oorepuier simulaiions of electron transfer reactions is ilv 
noogeonseincal peraneter AGsH.'H,., that is, the difference between the diabauc 
potential energy hypersurfaces corre^ooding to the successor (H.i arwl tlv precursor 
tH. t conspleaes, respectively Using this nongnonseerical variable the transition stab 
of (be electron transfer reaction is considered to be Uv ensemble of isoervrgeuc 
structures, that is, ibe S* intersection region of (be two diabauc potential exrgy 
hypersurfaces, However, this is a point of view corresponding to Conventional 
Transtuon State Iheory Within the frame of (be Variaitonal Transiuon Suie Tlvory, 
It It ins obvtous that S* is tlv best choKe to defuie the iraosiuon state Tben, in ordsr 
10 study slectron transfer rsxuons in solution, two main <|uestions emerge. Firstly, is 
(be &E parameter the most convarueni chotet to define tlv reaction path and, tlvrefore, 
(he set of dividing surges'' Secondly, if AE is used as reaction coordinate, is S' (be 
booleMcl: of the rextun^ To illustrate these points we will focus f72.73) on ilv 
cleeirochemwat redxtion of nvthyl chloride m water, to give methyl r^Kal and 
chloride annn a dissociauve electron iraosfer revtion 
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To dncribc the Htccoa umJv wt have owd a diaboiK Two*stat< loode) 
coausueg of (fee ovtfeyl chloride sunoubded by Uv solveet |> 1 ds aa altciron irtside an 
drcirode ivccnnor compkai, aivl ifee meilty) cldondc aaion kinnv/ad m tlw aolvrtt, 
ooce ibe electron has already afeifttd frore die eleccode i<i^es«or coeiptea) For the 
sake xinpbcity, (M meili)) group has beett modeled by j uiiiQue leteraciion ceoter, 
in suci) a «sy (bai (be d<i paraeveer i< cnou^ to epeeJy Um «olifte geonevy Hie 
energies o< (fee H. aivl H. disboiK potenal energy bypersurfvta bsve been obuitvd 
by adding ffiret biivlt of pai/wie* additive potential energy funcuofts ibe solute loiental 
potemiol energy (si'bich only depends on the il«i parameter). Uv eoUne'Waeer 
ifiKrMon, and tlv ssater'SiaKr loteractioe Hie first oiw is tlv potenual correspoivliag 
to tlK gas pliaee rencuoo aiad merMs some comevnis In (fee absence of ifee solvent, ibe 
precursoe complex consists of iIk methyl cblonde plus an eleciron insuk an electrode 
Its eruegy is caKulatcd as ibe sure of the meibyl chicetde energy and a constaat vsIik 
that represenis tlv Fermi's energy level of (be electrode Hus Fcnei's ciusgy level bas 
been choten as (fee value ibat makes the revtion ei^rgy eQuat to uro lu gas phase As 
for the successor cootplea in gas phase, it is considetad lo be ilv meibyl cblonde aruoo 
in iIk eleciroiuc state (bat beads to ilv diabauc dissocisucn in chloride anion aruj meibyl 
radical 

Haemal Auctuaiiocis ba*c been generatnl [72] by means of (be Monte Carlo 
medaod in a caiaorucal system (fear irKludes the solute and 200 u'aKr oaolecules at T s 
298 K For eneb genetaied configuration the value AEsH.. • has been calculated 
Hte configuration space «as partitioned lu diHerem sobsets S each one being 
assocuted with a particular value of tla reaction coordiuate &E itbat e, eneb value 
of &E, defines the corrcspoiuliug 5 dividing surface) For practical pueposes, the 
ctitthon lAE^Ejl S S ktJfeiol bas been adapted in order (o classify a given 
configuration as belonging to a S dividing suif^ We have uleniificij the reactants' 
region (&) nith tlv most popolated lutsrval when tlv potenual is used Conversely, 
the products' region (S,j is (be most populated mierval corresponding to ilv H. 
potenual Ibe intersection region S' corresponds id ibe interval centred at Uv value of 
A£, ^ UAmI. Thus, (fee free energy bamer coere^oods to tlK evolution from Si 
to S' . 

DiK (0 tlv high value of fc« our reacuons, (fee conpkK sampling of (fee 
configuraiion spKe in oedet to obtain (fee diabatic fine energy curves as a function of 
woukl require an ettrenvly long stmobuon unless Suiisucal Pcrrutbaiion Theory 
IS used However, tlwre is no way to generaK only configurations associaied svitb a 
pamcolar AE, value in exb pcrtutbauonal step Hwrs, a modificauon of (fee rtarulaed 
Siatisucal Pcriutbauon Hteory dtK to WanJvl's group [7A>7b) has to be A 
mapping potential hypersurfacc of the form is defined. H. 

aruj H. being calctilaKd from ibe potenual ei^rgy fouctious above mcniioned Hk 
pMauietcr Im changes from 0 k I on movement from (fee precursor lo (fee successor 
states Wiib the H. potential coiresponding lo the moat popobud subspace is $» 
As X. increases the sysKm is forced to evolve towards tlv intersccuon region S* Wiib 
the H. potenual corresponding co ILsj tbe most populated subspact is S> Now cbe 
diabMc fm energies corresponding to ibe precursor and ifee successor complexes along 
the reaction coordinate are obtained by usmg tbe following expressions [72,74] as a 
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flUKUOtt Oi AE.' 



AF^tAE,) - AK„_, - X,4i^ -l^b 



^re 

Q. 



( 43 j 



AV^(AIi,) - AT,_, • kTl« 



qi*' 0 . 

0 . 



(44| 



l>ic lui i«nii olnustioos (43) and (44| io«ol«ea ratios olpanitioo (vncuoos So. 
tlv (actor b (hr probability that, laubg the K. pouruia). (hr con/jgutauotu 

grncratrd bcloog to tlv S divjd*ig rurfvt TIm ratio d'n'^a lo Uv «niaUon (43) 
irprr«cnta (Iw probability that vriitj tlw H,. <ljj£iu( potential, tlw con/iguiauofu 

grneratad belong lo (he reactants' dividiag rurf^, S« Analogootly, ibr (actor (I'j’^Qu 
in Uv rqnatioa (44) repre«nia tba piobablKy iha(, iiiing Uv K. dabatic poientia], tla 
con/ignratiofts gcnreaird belong D Ua pioduc«' dividing <ur(ace, S, 

The valuea AFn_.a and AFi«« have been calctilaied by asing standard 
Staistical Peniubaiion 'nirory Thus, rquauon (45| expresses ila (ret eiaigy diftetmct 
betwotn systems «itb mapping potentials H aod H, by 



AF|X,->.,) - fcT to ^«p J (45) 

T}a average is (or sampling Insrd on (hr potcnual H. so the H| pceenijal cerKsponds 
to a pennit«d system Tbete(ore 













( 46 ) 



To uansfosiD (hr porenual smoothly arvl (o avoid brgr prsturbatiofts, X,has 
Men increased la small steps (rom 0 (o 1. To rvaluatr amorrically ARAE^ frith 
equauonr (43) and (44), sue have osed in each caar tlv mapping potential (or frbich 
tlv most popuJaied S snbsrt is the one centred at &£, Follofring this proccdore, r^ 
calcubtiou cooveiges very (ast 

On the oilKC hanA tlv nniqitf sointc miernal coordinate o( the system, that is. (be 
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caAotxIiloniK di»iaiK« (d,.,k caa t« jiofKed |73) as an alt«mau*c cltoK< (o Oefitt 
(he KafUOfi cootdiuatt l>iis is a lo|Kat cboia, bnauw ii cotrtspoads to (M 
gcoiamicat paraevtss Oiai *jll be brokeo <Ju(jag ibe peocets In this ease eaoli divtdiei 
surface along ilw tevtMfi paib consists of (be act of configuraiioris associated «jth a 
gkvm value of ibe 4>i paisewtet T'm> configumioas belonging to the saev dividing 
surface only differ on tlK solvent cootdinaies Tbia, tuiih d..i = d. ^aier molecules 
have been moved to generate Uv coafigurauons correspooding to the i dividing sorface 
For eacti generated configuration the potenual eiu^ has Meo evaluated m cbe 
inin iH.Jl.) Hie standard Siausucal Penutbation Tlwory bas beeo used to obiaio tbe 
free energy ebaoge bet»een tbe dividing surface*, by seQiseoualty penurbing along ibe 
BeMon cootdinav in snaU steps of do 

Note ibai Ibe definiuon of the dividing surfue isnd even ibe definiuon ofieKianis 
and peodocesi depends on tbe choice of tlv reaction coordinate If dE is latcn as a 
reacuoo coordinate, each dividing surface consuls of Uk s«i of configurations that has 
the same value of d£ This «'ay, two configurations belonging to a given dividing 
surfvt differ on the value of the d,., pararwtei andW tlu solvent cooidinates, but aD 
of tlum correspond ntl^ to the pencuisor or to tbe siKcetsor compleaes. Hie S* 
luursecuoo region is a special cas of ibis fund of dividing surfaces On the other asiwi 
• f the re^on cocedinate is d<i each dividing surface coniaias the snseoiUe of 
coufigumuons ihai bas tbe same value of d<i but differeru solvent coordiuatas Hus 
may, in prtxiple, some configunuons of a given dividing surface could be associated 
a/fth the precuisor conplei aiwl oitwi configurations in ibe tame dividing surface could 
correspond w tlu successor compter 

Analysis of the boib kinds of Monte Carlo stmulatioos shows some diffeeexss 
between the two reaction coordinates Hm d, iransiuon state iin cbe vanationat sens, 
ibat IS, the dividing surface ihai maximizes itw free energy) appears at d,.s2 II A. 
imposing a free eMr^ bairiet of AF*s 91 4 bJhhol and involving a wide depersion 
of AE, values It Km to M meaiiooed chat tlu gas phaa itaniiiion state sarucrure, 
obtaiMd as tbe crossing point between the two dinbnuc solute intental potenaal energy 
corves appears at d,<>a22S A It is dear that the transition state in waier had to appear 
as tower do values iban tbe gns phase transition suie struciore, Want* m water tbe 
soccessot diabaite solote internal potential eitergy curve iihat a derived from a charged 
species) IS nouceebly subiliud doe to the interaction with Uv polar solvent 

Oo Ibe other hand when itv parameter AE is taken to define the reaction 
coordiuate, ilv vanatiooal AE transition siaie chet maximizes the free energy change 
lurv out to t« the S* dividing surface that is, itv same iranstnon siaie ihas would be 
expected witbin ihe Cooveniicnal Tiausitioo State Tlvory Anyway, it bae to be noted 
that tlte staiisiKal noise is probably moeb too large for sUgbt displacnoent away from 
S' of tlte uansiiion state along ibe AE reection coordinate t«uig detected. A scanmug 
of tlte configutaiious belonging to ibe S* transmon siaie shows a spread of C-Ck 
distarMS (cerured about I 90 A) that clearly appears at lower d.i values than (be gas 
phase iransmon siaK siructure aiuj tlv d,<i transiiion stale as well Hve firss fMC, doe 
to (he solvent effecu wm exp ec ted, but (be second om rather introduces a diacrepaivy 
between (he two simulaucns It bae to t« reotMked thas tlv impoiunt dispersion of A& 
values and ilte dn values at (be d,.i iranaiuoo state and ibe AE transicioci siaK 
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rtsprcuvciy, je soIdum a coeiptettly analo|oia to tlv jf>ourafict ol maay sirucniMi 
(Ik dividing uirfvt an«aig ffoiD vibtsuotu onttogMsl to tlv MiniiniiJB Eoer^ Psth 
foi a bonna] r«afUOfi in gs< pli^ 

TIk crabfiuon uaies arising from tacb reoctiM cooidibaM v« aloginl corurflwnce 
of diffrNoi si'sys to cot (or clsasi^t tlw con/igurauoa siwcr IVr AE paramei£i as a 
Kafuon coordirtair provides a free rtrtgy bamer of 2 kJAitol, a vatiir 90% lowar 
itian Cm one (bat aian Iron tlv <tci raacuoo coordmau AUtMugli ihr reJauve 
diHmiKe m free energy u noi eiceMively big, it is ckar ilui each reaction coordmau 
leads 10 a diauiKi kiMUc descripuort of the reactioo We fMt (bai tlv aongcoeieuica] 
paiafTKir; AE, wtuch involves a wHaUe conabinanoo of ibe d,,, arvl (be solvent 
ecordinaies, is (be t«a choice as /evoon coordinate for dissociative electroo tiabsfer 
teacstons m solimon and. probably, for whatever kind of ekcoon transfer rracuoos in 
solouoo. because permits a best saniiling witlua each dividing surface dsfinrd in the 
eonfigoraiional space 



b. PoUinlial Energy Cakukslion 

In Ibis srction we will bnefly review sonse of the main diffenat approaches that have 
been used op to now m order to rvaloaK tlv poKoual energy of each cenfigurauon in 
4 Monte Carlo rea As we have alrr^y staKd, ibe force fktdi tliat describe ultra* and 
inteisDoleciilar interacuoas are at the heart of socb siausucal cakulauons because the 
free mrrgy differences that we want to evaluate are directly depervlefu on Uk chaoges 
of those inteiacficns In fact, the leiportant advaners of tbe last ten yem m the posvec 
of conpoter tecboiQues for chemical reacuoos in the condensed phase ihar we have 
evnuoned in the lovodoction have been due, to a great extent, to tbe continual 
evolution in force fields, wnh added compleiity and improved performaiicc 

Most usnaJy, the performaiKe oftbose posenual energy functions has been carefnlly 
tested as the saioe time that the new force fieUs were coeung up and their applicatiotu 
were being pnblished It can t« said ihai testing the fniKUons in the prediction of well 
characterized eapcruoental observables can never b« overdone: however, it etay receive 
inadi4uaie anenuon in the radi toward the laiesi challenging applicaiion on contplei 
eiolecolar systems TIk statistical mechanical epnatious that are the bans for the 
evaliauoo of iIk free erwtgy differences iSccuon 2| are exact and the sourer of any 
errors that result from the contpmaiional iieplnDeataiion of these is due to iIk 
desenpSKn of the Hamibouian (reduced to the potenual aiKigy in a Monte Carlo 
ealculaikonj arej the abtUty to snffktenily sampk the relevant nucrostatas. Sixe iIk 
lanei is also relaKd to accorvies to the Hamiltonian tbe success of the fret energy 
methods, in general, and iheu broader application is dependent of accurate descriptiotu 
of the potential energy fuKtions 

A ngourous way to evaluate Uk total interaction potenual energy. *'ould 

t« the fcrmnlauon and resolution of the Sehrodmger equation foe the whole system at 
each configuration However, given the size of the samples wlvie the statisucal 
simutauons ve perforewd, this metlaod is impracticable 

A her natively, for a system of N interacting molacnles, m a given 
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AS Ow djntrtiKtf bmmi cIm tMty of fyiUtx a/^ ihAt of 
tJtt sepmiA cofopCMAts Ai tr^iAd^ 6«tificr 

J47) 

(u be etpsAdM iii a sen«9 of e*t>My srparau Kma [77,781 



^"\9.4r4y) * ... * C«1 



tJM o. t ^ djIf^KAt mokciilAS of ths synAO amI 

sumoiAtiOA AitAtds ovAf Atl 0)0 poiublA doiibl0C« ^CL triplets (o. &. aaJ so 
We luvA AJmdy iauoAjcasL if) SectiCA 2 . the pAir pot#r)UAi fuwiOA V*> ^ 
ir)imctJOo A/ttTtx of a pair of mokciiltA 



- V{4,4») 



(49| 



lYx luglwr order tt-body foiKUotu V"', V", can be obcoitwd rectmtvely cottsMknfig 
icia of Uvee. four, . oioleculta ai*d applying equjuon (48| eiKcneively 'I>iiil, om can 
«n(e 



y'H4,4,) * ^'{4g4,) 



(50) 



y'*\4a4e4,>4») 

y''W,4e4i) - y^i4g4y4.) 



Hie U vali^ are always calciJaKd according (o equauon (d7) ftaUag the adequate N 
value io each caae> and ibe rcfloired energies E can be obtained from standard tpiantum 
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A CONZALmAMffTiTAL 



mecluuml ibctlK»d« 

Most of nM&iKJl'OWClufunl coeiputti stmulanotts are buM upon Uw UMmpuoti 
of paiN'be addihvitv for (he total joteiaoiion et^r^, wbai omtts to irwmc Uw rigln 
<ide oft^iauott <4$^ op to the tsao-body Kne Hv reeaituej tenne of tlw series, wtucb 
are seglocKd lo this apfieoaeli. m ofuo knosi'tt as tlv nooadditive correcoons 

AsMiouiig tlw hypoUwsis ofaddiuvity of the lOiAiaciMW eMrgKi, loter* afvlioir» 
molacubi pair pouiraak V— hast U) be develofied lo order to obtaio values of 
ilvougl) eqaijuon U 2 l 

In a MatdiKal Moou Carlo smolatkoo tbe pair potenuals are irurodoced by iDeaas 
of analytical funoooeis la tlv election of that analytic aJ fone for the pair poteonal, it 
mist be considered that witen a Moete Carlo oalotdaiioo is peifoniMd. the eiore tinie 
ooesumini aiep la (he evahiaucei of tlv energy for tlv differeni ooefigurations Civee 
that cbis oalotibtioo must M dene ledliona of times the cboacn analytic functions miui 
be of enough curacy ai*d tleiibilicy but also they oiust be telly computed lo (hia »ay 
■ IS to avoid etpoeeoua] terms and to iDuueuze the numbei of loteiatofoic 
distances to be cakulaied M each ccnfiguiatioo wfcich depends on the aoanucy of 
uuetactioo eeniers ehoseo for each molecule A very commonly used functicn consuls 
of a sure of vnoi, r beiof the disiaoce betsveeo the diffetem lotaiaciion ceoteie, 
usually situaied at the nuclei In panmilar, non-boeded loteractions are usually 
repeeaenied by an atom-atofo cenured mcnopole eapreuion (Coulomb leno) ptis a 
Leonanhlooes 6*12 term as indicaied m equauoo (51) 











(51) 



lo this expeeasion, i and ; are the mteiacticn ceotera in oand ^ molecules, respectively. 
A, and C, are ^justabk pvaovtera that describe ihe mieracuon betsuecn i andj q, and 
are tlK chMgea associated nith centers i andj and. finally, r., is the distance Mtween 
• and ) The parameters of whom pair poientiala depend oo. can be fitted to reproduce 
theoretical results, experimental dais or a combinauon of both 

The fuai option lovolvea the obtaiueovni of an analytic function that reproduces tbc 
mwtviion energy t«iween couples of etolecolea which has been calculaied by solvutg 
the Scbrodiugei equation usually by means of an ah iniuo method. The advaotge of this 
ptKxibtlity IS thas uifonoatioo about any potential er^rgy hypersurtee point can be 
obtained from the cakulauon whereas cxpetiovnialty tbis is not always ptissible Tbe 
peactical peocedurc in order to build up an ab louio pair potential for the loteraccion 
bewetn two molecules o and ^ can M divided lo four steps 

ai By keeping fixed the tx molecule, a »ide spas of ontmations and 
disiaoces of the ^ molecule with respect to the a molecule, have to t« telecied so that 
all tbe cou figurational t^ace for tlw <a ^ pair i< represented It is of special importance 
H) well decribe the low energy rorws of the hypersurtee As aaiwl ^ E«come bigger 
aiwl have less symevtry more coufiguraiiont will be needed in order to consider the 
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bi Evalvauofi of ibe iiuerMon <Mr|y U foe each CMfigunuon 
Wl^ cboositts Uv level ol calculauon ii tnoei be uLen lato aecoufu tfiai ii 'nil be 
isoally nenuary lo cooipote s hufe oujdMc of coofigoraitona If a very eiictvled bssjs 
set II u«ed jftd a Coofijaraikoe Iwtacuoa «clwev (CT) is peifotmed ia order lo 
iAcor|)oiaK ihe correlaueei cfietgy, Uw conifHftauoA ume oeeded no be unaitainable Oe 
ibe oiber lui*d a tnuunial basis <ei may imm be eiMxigb aivl require correruons doe to 
ibe «upctpo«iuc(i basis set eerot 

Cl Elacuoo of an analytic fonn for the pair poieiuiat We have already 
mentioMd ibe most widely used analyueal eapressioA (Coulomb • Lennard*loi^ 
tarmsi. Howe^'er, a great deal of esaaiples of oUwr rype of potrnuals can t« fooud ia 
the IneratuK [79-90] 

d) Tbe poirnual paraAtetrrs are fined, ia the best possible s/ay.to the 
inKrvswn eiw/gies calculated for il>a diffeten coofigorauons Nonnally ibe leaai square 
Aictbod IS lard Oucr the function bas Men obtaiued some addiuonal tests aidsi M fua 
in order to fiaiantee the reliabJny of the potential Sometimes u is coAvenient to 
inuoduct a weight fuAcuoA in the fitting process so that iM role of sofoe regions of the 
hypersurfvt'ihose of lo«' energy ia panicubr*is eofotced |9I,93). 

Tbe obtainoKAiof pair potentials thiougb tbe fining to thaaeucsl tesults havesoev 
ibawbacLs; ai tbe computer tmse tveded if a relatively bigb level calcubtioo is used: 
bi the difficulty to correctly evahiaie iM dispetsaon energy ei obviously, tbe obtained 
pau potBAUats do aoi incliule any n-tody corrections 

The QuamoA of tbe importaAce of uon^iiive conections has been largely 
discussed aivl a growiAg body of retults shows that many tody effects cwa affrci 
propamrs itpetiaJy for sDtuuons of multivakoi loosi m Aon*nagligible ways |9)- l(M). 

In f^ to the failoee of pairwux additivity for cation-water poUAUab, there are two 
aspect* of the peoUem to M coutideted Ibe first onr concents the long*range 
behavtoiir of the grouml state potential of MiH.-Ok systems, with a 2 2 In most casn 
letceptions att M's Ca‘*.5r^£s') tbe electioA affinity of M', ia tbe qtb lonuatton 
poienual tIP’i of M, is larger than the first P of water. Tberefore, at large M • iKO| 
disianceL (ha grouivj siase of tha system is represented l>y tbe (hatge*saiisfet (CTl 
oonfiguratioA M^''*’ aivl the loog-iaoge poteAtial is repulsive Ute presence of 

lA avoided crossing berweeA CT and noA-CT staiet can be important ia vacuo but it a 
quite irrelevant in solution Mcausc the •q charge of (be cauon is strongly stabilised by 
the solveai This problem is aoi coAsideted when coAstrucung ab iniho posenuals for 
simubtiout In fvt, tbe icstncied Hartre«*Fock cauon*waKr wave funcuons ywld 
Aoceasanly (he M** • (H/)) disscvistioo, M leas( for closed sbeD canons. Ihis is 
doalKatively adequate for tbe study of the Itfuid phase although aoi correct in vacuo 
Ia tbis sense some ab mitio potentials should be considered as 'effeciive* pocenuals 
Tbe second problem covems the streAgib of the binding between a canoA and tbe 
second third and following water molecules m a complea. Iiwloction and charge-transfer 
eiwfgy terms, imponant ai short disiance*. are clearly non^tuve Simulauoiu based 
on uncorrected pair poUAtiaU that do not uicorporaie such effects, have consistently 
overestuTuted iM binding propemrs of cation-water compleies For that reason, 
hydtauon Aumbets ertmeted from Mouie Carlo or Molecular Dynamics correlaiion 
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foxuotu M oIku gKMer (hjji op^tJintMal moHi attd tvhjJpiei atd ln« ctetiie* of 
hydrauofi ar« clearly ovcte&umaied for moMcsiiotu as well aa dtcauMf 
ISI.E4.99.I03.105). 

Tlv profilem of roooddjtivity can t« auaci^ in arvrtal «ayL moat rigouroos 
sppmxl) IS to ivlode tlv many*E>xly tenet in Uw porenual mffgy fuftccioe TIv mam 
pexcical diffkoKy m order to UKlude (M Mn^niviiy correcuoos la ilv cakulauon of 
eMrgies E ofeqosuoo (47) In ^iqoa in some cases tlv aenca (48) aU>wly coo«&r^a 
ai*d the axceaaive ateiis have alunute at^na When used. Uvee t>xly porenualt hsve 
been fooisd to repnxloce correcdy liydrauort oineMra and free ener^ea [I06| OUwc 
sirthora |107) have compirted tlw uuenctioa pau pwenual beiwetA s svaKr eiolecole 
and ihe MtHX))fr compki ae a wliote Those wo appioacbea. UmkiiIi. ixrease the 
coat and compkxjt> of ilw cslculaitons A diffetein posaibtlity, that ^e svill further 
diacoa, conaiiis of definiog ’effecuve' put poteouala that represent the a«&iafe 
iDietxcion of a svaKr leolctuJe uiih s cation alieuly solvated by otlu molecules 
TMax 'effective* pair poienitals can be denved from expenmerual data or from 
calcobuorte oo caucn*t«aier eloateei. Receuily. Tonuai md col |J08) have prtsxrued 
on ’effective* put potential based on iIk Polaarable Coouauum Model (PCMi of the 
solvent Molectilar Dynamica uouibtioas performed with their effective potential svere 
aucceaful in predicting the eoireci hydration oiuoMr for Pa^ and Fe~ 

Nonuldtnviiy correcuone have aleo teen thoun lo play a non*negligible role in the 
formauon of hydrogen tends in polu liquids sxb ae stater In the developounc of 
purtnse additive erwi^ foxiions, derived from tpianium mechaitKal cakulaiions. for 
dtsciibiog Skater propemti, tlv skork of Gerneon et al [109] e oiv of the major recent 
effont in thie direction. Obvaoiisly, these pcuenuals correctly deaenbe the water dueer 
in tbe gat ph&te hot the descnption of the lw|tiid is rather poor from a quantitative point 
of vKsv lo order to get accurate valoee for a svide tpecinim of liqoul stater properui. 
It e eseenual to ixiude maoy-bedy effecci, svhich are naainly due to polaruaiion arvl 
charge trarufer Three* and four-body corrections [97,110] to the MCV potential hate 
teen proposed by Genwui's group and appbeanons of this potential have confirmed the 
peevious conclusion for static and dynamics peopemes as svell Recently, a rvsv 
poicnual NCC [III] Im been denved from the MCY potential ubich eipbcitly 
incorporates many*Mdy effects dx to polanzaiion. PinaJy. otlwr aothors [1 12.1 1 3| 
have also proposed a naode] of polaruable naolecules at svhich the induced dipole 
fiMieeut on each molecule is treated as a separate degree of frerdom. firing the 
pensunent dipole tiwreem at the gas ptaase 

Ute tacorvl option ui tbe developebeot of pair potentials is the lUX of ’effective* 
tivo-hody functions, svhose pvameters ue denved by ru|uinug a fit to a number of 
Itfuid peepertaes The key assumption lu "effecbve' cwo-body poieouals is that many* 
tody intervtion exrgcs can he incorporated into the parameters that are evaluated as 
tsto-hody interaction erwgies For uaKr, this leads to partial charges on tlK otygen 
and hydrogen atoms that correspond to a dipole moment of the water tikolectile of about 
2 4 D [S4|. considerably enhanced over Uk gas phase value of I 85 D Tlvn the study 
of tbe watee dimer usuig such ’effective* potentials leads to equilibrium geomeiros uith 
too short intermolecular dietancts arvl ico overestimaied stabilization energies ITte 
cistiic uork by Rahman and Stilbnger |II4] describes the first applicatioci of an 
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’cftfcuve* MMcetia] (ST2j to skWft icMtts Molecolar DyAanuct, jftd the pwaual« SPC 
[IIS). TIPS} |JI6). tips: [JI7). TIP3P |S4) and TIPaP [$4| are refited veruofta of 
this approvli All of iM poteniials ovnikoeed a&Hjnw a llud £ronKU> of the water 
molecok TIm coo(<rau*c effect berween «aier iiMlectjlea mieltes tlv bott»Uiuvtty of 
Uw Mirwjsc pc«eiiual< beniae of the auny>t>My effetvt but due to the nrett^heoini 
of the (i)4o^ botvla ji aLo inpl^ modifKauons of ilv leuasKdecolar OH diaiaocee 
Two type of fleaible «'ale^«'a(er poieAUab, tbai go beyood the tjgtd water 
aftoioxjmanotL lose heee employed (t>< 6IH |IIB| aed the MCYL [II9| poieeualo 

Joegenaeti ahd col oiended Oteu TIPS fTratsferabk letennokcatti Potenuale for 
SiiBulaitonai [l2Ck 122) to eeveral cegafuc liQuub More iccemly, Uwy developed a tKw 
genetauoA of 'effective" pounuala, which received the deiMMeinaucn of OPLS 
tOptuDired Ptwetiale foi Ltfotd Sueulwone) (123-I27) TTte eiandardOPLS phitoeopliy 
can be tueniartzed m the foltowiAg three points' D lo keep the fom of the potentiale 
Mmpty artd easy to evaluate 2 | lo ixiude as few tew parameter< as pcseible. 3| lo 
produce sinKtural sod thenuodyosBUC peopeitiee in reasortable xcord with expenmeni 

Ok OPLS model i< an eiample of pau potential where rtoo*bortded imerxticne are 
repeasBWd throoph Couloetfi and I^aard'lorte tenee lutciaciinp between sites ocnired 
00 noclet (eqiistioo iSI t Within ihi< loodel, each atomic oucleis has an iwetacuoo site, 
eacepe CH. groups that are seated as umtsd aiora centered on the carboo It is 
imponaot to sole that to specsat fuocttoos were found to be needs! to descriM 
hydrogan borvUug and there are no ^mortal toteractioo sites for lone pairs Aoother 
imponaot point is that staitdaid combining nilas are used fee ibe LeunanJ-Joees 
tuteraettoru sxb that A, a (A. A. l'^> aod C. = (C, C..p'^ TIk A and C paraewters 
may also be expressed to teems of Lennard-Jones 0's and £'s as A. a je, O, and C. 
a4e,0,* 

OPLS paiametses tcharges and LeonanPloMs terms) ware obtained pnmanly 
vu Momc Carlo aintulaiiocis with p^colai emplittts on repeodxsig the expenotcntal 
densitos aivj heats of vaooiizauon of liquids T^ose aioiubtioos wtii performed 
iierauvely ss pan of ilw paamevizaiion, so better agreement witb exputment is 
obtained than tu peeviota s'^ias where the simabuons were usually earned out sfter 
tbe paraioeuisstioo Once the OPLS parajoetruatioo was consplesed. further sueulaiMns 
were also performed tn order to test the new set of parsnvters in the calculation of 
o(lv3 tbenoedynaeue and smciural properties of the sysienv bcstdss its density arwl 
iis heat of vaporization Paraioeters have now t«co gerwrsted, amoog others, for water, 
alkanes, alkcncs, akohols. arntdas, alkyl chlorides, amutts, carMaykic esters and acids, 
various sulfur arwl ourogen coropounds, and nnnies A proam force field hss been 
asiabfislied aa well 

In view of the simpbcity of clw furwnonal fom, tlw accord with the expeeuneutal 
data IS remarkable. TIk average deviation between the expenmenial data and the 
tbsoreiKal results is less than 34. For instance, average anors of 10 9c are obtained 
1 1 28 ) for the computed density and Iwats of vaponzasicn of atVyI ethers, ixiuding 
results fbi tetrahydrofuraa at peessores up to iOOO asm Hus laa result provides further 
evidexe of the robuitMss of the potential functions uruler a variety of conditions In 
the sanw work, lorgeiuen and col show how Uw expenmenial trertf of linearity of 
AH ,. with increasing length of the molxule for the xyebe senes of ethers' dimethyl 
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eihft, <ih>) fiKihyl cdu, ditthyl eibcr, aod ucaludrofunfL u rcptoduud by tlv OPL^ 
f»outuisb aid (lut is pnmaily snribtfubit to incNs^eg L«nfiard*Joe<8 asscuoo 

Ifi Move Ca)o fifnidukoos earned out for paamevuaikoo «isodad geoowiries 
•lib fixed borvl icrtgUu aod bood eu^n. u«ed for (be diffrteoi loolrcuJra jhhou^ 
(MiooaJ eiotkoo saas veually inclodid Par uwaiKe [12S], for eibyl rnrtby) rtber and 
dKihyl rVwr, rouikoax aarr allowed arooied the ceniral C-0 borvla l>te fono of the 
(orrioeal poieiiuaJ for ethyl meiby) ether, svhich hae only one dihedral anfle. u givert 
by a Founer expanetoe Irt ^rtal, ibeo, the rxpreexioo for the analyitcal function i< 
supoeeted by a Rmt of ibe fomt 
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For moleculee Out have isw> dibedial angin, like dcthyl ether, tlv Founer <aiie& M«d< 
to be augmented by a Leuaard-Joeet poKeua] TV coefficieett of (hose Founer 
exMAUorte aere obuiiKd front a fit to molecolar ntechanKt iMMli oaKulauone Tbe 
preseoi lorstona] poteeua] givn a gaiK)K*iiaiu energy dtfferencz of I SI kcal/mol for 
eiby) toethyl eilRi (hai conaMrra wr)l wnb a value of l,5± OJ kcal/mol reported front 
aa eliciren diffraction awdy Hoa'ever. aiRTgy bamera evaluated from 1£ arvj RartaA 
eiudRS imply a gaucbe*irans eoergy difference of I IS kcal/mol 

lo o^r (0 provide a compkne eoergeuc deacripuort of biomolecular eyareraa, tlv 
irurarDolecular terms for bond length artd bond artgle vanauons aa well aa the tontons 
ai*d novbonded terms need lo t« included. Since substantial stork bad been dow on 
tlv former iteev by others, lotgcrum n al [I27| deetded to ovrge tbe OPLS uon* 
bonded potential funetiona ami tbe local vibration arwl torawnal functions from another 
force field AMBER |129) suaa cboecn because it is nidely used artd because us 
docujoented success m consparaon with other force neUa The trsulcuig poteonal stas 
calbd OPLS/AhIBER model The bood airetcb an angle bead terms in AMBER ve 
quadratic , stlule rhe torsional poieouali conaaai of a coiine term plus the l,d*nort* 
bonded inieracuoo, both Coulombtc arwl L^nnard*lorRi Jorgensen et al [I27| reponrd 
pararteura for 2S pepude rrsidurs as nrlk as the comroon rvutral and charged terminal 
groups. Ihe parameters nete obtained and tested ptoeanky in coojuction wicb Monte 
Carlo naiuiKal ovcharucs iimubtioaa of pure organic liquids and numerous aqtRous 
soluuons of orgaruc ions teprcseouiive of subunits in the suk chains and backbones of 
prole uis 

Prom a structural ponn of vew the OPLS results for Itf uids have also shostu to t« 
in accord with avaJabk cxpeiievntal data, including vibranonal spectroscopy and 
diffr^on data on, for InstaiKe. formarDide, dimethylformamide, mcihaool ethanol, U 
propanol, 2 *meihyl* 2 *pnpanol, methane, etharv arul neopeniane Ibe hydrogen tonduig 
in alcobols, ihioLs and amides is nell represemed by tlv OPI^ potential furKQona. Ihe 
average rooi*ovan^Quaie deviation from the <C*ray structures of the oysials for four 
cyclic hexapepudes arad acyclic peaupcprule optimized with ibe OPLSfAMBER model, 
was only 0 17 A for the atomic posiuons and 3% for tlK unit cell volumes 
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As sK have already iM*ed lo ihe (kv<U)f)aKtM ol ihe OPLS MMettiaJa tlv 
duroJuctMfi of new Miamrs l)s< Mee kepi to s minifnun Poi ituiaiKe, OA]y 12 
different CH« groups are used (o deicribe ah aJtanea, alkenes, and beezene. aad. foe 
excmpk, ibe parameters foi (he OH groopa m all akohola and ibe mbonyl groupa in 
oil amides are (be tame AJao. siaodard alkyl group paiamete/s svere used in etlus foi 
dioae groupH ihai are at leaai oee aiom removed from die ether oaygeo Ii haa been 
eaiablisbed ihai Leeaard*Jonn parameiers e aiad d, are in general vanafetable to larger 
moteculaa fnifD dieir components, si'hile die cboiet of partial chargee for a new 
eiotecule le tlv mam proUeev As see have abeady cxplaiiKd, (be OPL^ partial chargaa 
were opumized rypcally through nrtauve fluid etmulanona to reproduce cipenmeeial 
resulia However, anodu* reeiaikably simple approaeli was also couatdered aiid il^ 
nipported by (be subeefluetit aieiubtiooa of sysieiBS aivl puee iMpiidt. We refer 

to (be erudy of eubsucuted benzenes |l)0) In that caa (be parmoeiert for Miuene aod 
die stibiiiiueau were sunply merged. Hine mtermolecular potenual foucuoiaL bestdu 
dieir simplicity, have sliown (o exhibit good euccess in reproduciag expemoeatal 
dciaucias and laata of vaporization of pure l«iuids Ahtiough lo die case of aaiJuv some 
re^usaement in the charge dietribduon had to M dooe 

TIv OPI^ charge diainbuuone and (be adopted siaodard geoewiee can t« 
combmed to yield calculaMd dipole loomeau For instam, die OPLS dipole momente 
•be alipbatK ethers arel alcohob are greater than ezpenmenial values for isolated 
molecules by OJ • 0.6 D [130] Par subtunMed Mazeoet those differences range from 
0 12 D to loluerv to 06A D in benzotnuile For aromatic etl^s artf alcohols ibe OPLS 
dipole moments are higher than the experunemal valueL sueilar to tbe suuauon wMb 
iIk aliphatic analogs, while (be OPLS dipole iDoroents in (be ui(rogeu<oniain]iig 
systena arc lower (ban tlv experuneotal ones The authors of tbe OPI^ model assert 
ihat cotncidtfKe between experimental and OFI^ dipob moounts is mi souglu in vrew 
of the lunuauons of the pvual pomt*cbargc model and Uv desire of tbe OPLS 
potentals to focus oo reproducing liQuid*rtate propemes. An loteresuug tesi of (be 
OPLS potentials was earned oui by lorgeuian ei al [131] m caJealaiing die cfnemris 
free energy difference for Neoethylacetamide (NMA) The autlicea report ab uuuo 
3IGid) calculations that predict the dipole loonaent for cfnNMA to t« larger (ban (bar 
for mAeNMA. 4JI vs 4 04 D Ihu order it of course, inuresiuig because, from 
classical elcetrostaucs iIk isoroer with (be larger dipole moouni is expected to t« beuer 
solvaud, though this tlaory simplifies tbe solvent to sirunureless dietaciric medium. 
These computed dpoW momems are consistent wiib ezpenmental results [132,133] for 
NMA. which range from 3g5 D m benzene to 4 22 D in l,4*dioxaM However, by 
using the OFL^ charge disinbouoa derived for ^AaNMA for both conformers ti4, 
vsujBuig (bat charges are indepeiwleni of cooforeuuoni and standard georocerves, 
lorgenscfi et al [I3l| obtained dipole moments of 316 and 4J3 D for and (roiw 
NMA respecuvely Hus iiKorreci order was also aunbuied by (be autliora to (be 
luadc^uaces of computing dipole moments from point ch^ge disirtbotiooL paruculvly 
when atoms, that formally have lcne*pairs of electrooL lire present Hosvever. it rutiu 
out that tbe order cao be reversed by an all*aK>m model for the CHi group ou luirogeu 
O' by ibe use of slightly differeut charge distribuoons for ilu etf and rranr form 

Tlv pataowtrization of Uv OPI^ potentials also entailed the careful conaaderation 
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or the itMrrutioo bctsi’MC oigauic molecuin ard a skWft molecole TIk ^aiar tnodsl 
oad in conjuvnort »nh the OPL2 pouruials wa TIP4P. (Iw(i|l) tlv TP3P ot SPC 
models yield vm uoular rcsulis For most piupo««s Uwa tlvee altanauvrs may M 
inierohanteable ihou^ ihe sli^hily more (0ie|>lKaKd TlPdP model gr>ti a bener 
deK/ifMkOO of the aAgular vanstioo of hydrojeo bond rr^rgiea. CoiDple»n of a si'aier 
eutoculc si'ttti amides, esbers, esteta, akohob, iluoL, sitlfiiles, aiotea and szu^ for 
etemfde. ^ete fludtad si'tib tlv OPLS potentials aa «'«ll s< ab latuo moleotibr oibnal 
cakobuorts primanly tviih clw 6*}JG(d| basis set TM (rends m ilv ab miuo fibdm|s 
for tlv hydrogen boed urengdis arvl geometries are ss«ll reprodiKed by ilw OPLS 
results [124,1 26, 1 3d, J3S) For luManot, Sagy ei al earned oot (beoieeicat studies ou iM 
bytbaiioit ol pyrrok. imidaiote and protouated uoKjazole ui tlv gaa phase arvj lo 
MUCOUS soluuoo [136], Ia ihia ease, they fooud (hai iM OPL^ geomesne MraiMtcts 
and relasive eoergies for the loonohytkates are closer to vahies obtained m the MP2/6* 
3IGid) cakobuorts thaa iIk HF^3JG(d| results Oaa phase mooohydtaKs opumiMd 
M tbc HF bvcl bave hydrogen bond diseances longer by about 0 II. than (he MP2 
values Usmg the OPL2 totssaccioci po(onual Uk bond dtstanots »ete sbonet than (be 
MP2 values by 0tl2-D J?A, but follow (he tendexy fouitf in the ab imuo cakulauoru 
TIm bydrogen bond angks from aJ three ewthods are cloar Tlv only moartabb 
dtfferenot between (l>c OPLS and MP2 results suerr found for the umdazok hydrauon 
as Its N site Ibe OPLS potenuai favors oui-of*p4anc hydiauoo over (lie tu-plane one, 
in contrast to tbc ab tuiuo results Rebuve dtmeriaauon eMrgies wub 0>c OPLS 
potential ate close to tbc BSSE conecbd MP2/6-3JG(dt values Tlae only reseafLabte 
eicepctoci la again (be hydraiton of tlv xoiral imidazok a tlv N sib 

PurUarmore, Mona Calo simulatons fl25,130.l37| were earned out fordiMite 
M>wous solutions of fbrmamide, NMA, dieatbylfomamide iDMF). locthanol. seven 
alLaxs, subsuruied bcnzenei, amoug oUars Par the amides, operimemal struciural 
data are limited: boweva, the computed nunsb^rs of amtd: • waa hydrogen bonds are 
rea&onabb and tbc computed beau of bydraion, ca. *Xi kcaVmol ae in the correct 
ratge Stmibtly, the byifeauoii of eaihanol appears reasonable and (he computed 
dtfferertet tn free energies of hydiauoo fa eaihanol and eibaiK 6 75 t 0 2 hcal/mol 
IS in ncelboi xcord with tla expainamal valM 693 kcal/mol Tahiog mto xcoum 
(be uiaenauiitei in tbe data, expaimeotal a svell a (heoreiaal, tla xcord baween the 
Monte Calo aiwl measured absolute fix energies of byibauon for subaututed b^iuenes 
coetparad by Jorgensen at al. e xarly perfect The xcord la panicularly uoiabte given 
tla sunple aigui of the OPLS parameters for (be subsututad benzenes and ibe 
stgiuftcant range of fret eiatgies of hydraiton TIm worst disctepaxKs ate for 
hydroQuinone il 3± OS kcal/mol) and poistbly benzontirib U 3 ca ±l kcal/mol t In 
grteral, than, the OPLS model has provea to be accurate m lu calculation of aolvauon 
free energies Thu is becaia the etodel is utherenUy well-balanced doe lo the kind of 
patametfizaiion undenakeo by tbeu authors. 

In (he study of lexuvity, loiganscn aiwl col bave normally used both, Ua OPLS 
model and potential fuxuoiu derived from ab iniuo calculations Aa wr bave already 
indicated, when loteemottculJt pair poaiMiaK are applied to Ua study of a chemcat 
prxrss, the evolution of chargiM ns well as the lartnard'loias tema, along (be raacuon 
cootdinair, has to be conudered. For tla S J rnacuon in svato between chloride anion 
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atvl nwttiyl chlorMk, that v/e in Secikoa S, lor$ecutn afvj col 1^1. S2) o«<d a 

iiinplf furKDortal tone of Cm /eacoon cootdmait for ihe poctaual funcoon paramcier* 
dncrjbini ihe soluiC'Solvani loiftaceioo Tlv TIPAP fiMxle] v/as asaujbed for water 
ibortoriMn SiiKe all (be georiMiric paiarsiLra showed ihr saov <|iia]nauve variaikoo 
along (be rau tioo. lorgciuert and col adopted the aawe kjitd of fxibcikon foi tlv g, d 
and C (rne« for tlK foor dirusct siws, CL Cl' C and H. of Cm aolinc Tho4e paiaiiKtan 
for reactanu and ilv nanaiuoo rtatr strucrure wtra detennuKd oo ab imuo 

intetacLcn energies aod geoovuies ofGiKOj, CHiCHKOi and aeveral siructuraa of 
ibe ntonob>4atcd i/aiuiuoa sute 'inKUre Tbe 4, J and C pMaavseta were datanaiiMd 
from these data via novlioear leasi'idoam procedure Tlv (bean error in compering Uk 
predicted lotetaceion cnergMt of 71 solvaud svuccutet wiib tlK corresponding &3IGidi 
valors IS only 0 78 Lcal/tool for mrrgies wtneh cover a range of 22 Lcainool Ponber. 
Ibe simple potential foxuoa correedy descnt« all (be Ley feaures of the solDte*aolvent 
intetacsicn in (he system, 10 pvuculai b)>ftogen bonding It may be noted ibai the 
Lertnard'Jones ttims for C aiwj H as well as ihe d pMaoteter for Cl were kept coiuunt 
over the entire reaction, as they showed negligible vartauon Also, ibe charge on the 
hydrogen atoms svea forced to yreld a net unit negauve ehage for Uv soluu during iIk 
aimulauoaa 

As (benuoivd above, for tlK aimulaiion in diavthylformamide (DMFj of ibe same 
reacsicn [S3], (be parameiers for Uv tubssate were not changed from tlv 
parentetruaiion m water Par DMF the peiametere wrtc adopted from the OPI^ 
parantceruaiion of (he pure 1 u|ukL l>te tranafetabiliiy waa tested in part by perfer m ing 
a Monte Caito aimubtion foi Cl plot I2B DMP moleetilet and evaloaiuig thr beat of 
solution for thr cbtoride ion Tlv obtained value compares favorably wub (be 
operiovnul estunate li it imponant to remart here that when potcniials are to 
aiouitate diffetani solouotu to (be ones used lu ihe pararwtrizauon ptxest, they no 
loogei are 'effeetive* potenuals Ibis fxt becomes more evident in ibe simulaiion of 
soluuons of smaU ions wiih localized charge that poleiiaes the neighboring solvent 
molcculee. In tbia case it is comenKM to constdei Dm n*body corieciions 

An inteiesung applicauon of ihe OPL^ poienoalt along areacuon coordinate is the 
aiudy by lorgeascn and col of solvent rffecit on tlv bairwr 10 isomeruanon for a 
teroafy amide as NJil-dimethylvetamide iDMAj [138] Solwr^vem potential 
functions were refined by filling 10 results of 6*3lC(di cakulauons for the ground aod 
transition state etiuctiires inteiaciuig wub a warer molecule in 17 low energy 
onentauoitt. Ibe only paiafivtrrs (bat were *ai«d to reproduce the ab mmo complei 
rtergRs and ainscitirrs weie (be parual charges for DMA. For a balaxed fit 10 tlv b* 
3IQ(d| data, minor vananons to Uv OFI^ charges for ibe ground slates were made aod 
OM charge sei sofficed for ihe (ranswon slate structorrs TlKsr poientiak were used lu 
hfente Carlo aimubuona ihat ytehkd the changes in free eiugies of solvation in TINP 
water and the OPLS model of carbon trtrachloruk Two diffKuliBS vosr in the firoug 
li wat not possiMe k> reproduce ihe b*3IG(di ordeiuig for two of the eight grourwl 
srares coasideKd 'nios. tlv ab iniiio calculaiions uidicare a07 kcal/mol piefcrexe for 
Ibe complex with ihc water anti 10 the nurogen. while the fitted potenuals favor the 
water syn to the nitrogen by 0 8 kcalfmol Many diffeamt charge disinboDoos were tried 
with both uruted-siom and all*awm models withom success in leprodociug (he ab imuo 
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order. T}w amhois [l}B| ohsarve itui ii si'ould be dmrabte to cotirirw the 6-}JG(d) 
order wicb )ugJwr level op«itiiaaiion< jiKludittj correlauoei correcnotts because (be 
poteetia] fuocuotu reflect sofoe conebtioti effects ihroogA ilw Leeturd*Jofies leniti. Tlw 
QAly odwT rtotable discrepancy svss for (sw> ^oubd states widi tlw CsO .H — OH 
fragjoem collinear Hie interMon u ufufonnly too anraeuve sviUt (he potential 
foKtioos, peobabty owirtg (o the lusde^uvics of tlK iimf4e point charge descnpewei for 
(Ik ekcinm densicy on (be osygeo l>ie geoevuical results from (he pocenua] ftinettons 
coetpare well «itb tlv 6*3IGidl piedicnoru. The average differeeict for (be bond angks 
B ll‘ and (be loietn'olaciilv distaiKU are (intformty 0 1-0 2 A iltorter from (1 m 
potential funcoons TIk latier feature is noneal aivl comes from the ose of Leonanl- 
Jones S' that are appeopiaie for yielding corsect Itfoid detasiuea 

In the cakobuons |dS) of (1m free ener^ profiles for tlv apaiatioo of tesf^tyl 
ca(Mn aivl chloride aiuoa in dilute adueoia sohiiion (he nectseary carhctiusD lorvivate) 
potential functions aiere obaaiued front ab loiuo mokcular orbtial calcnlauons svKh the 
&3lC(dt basis set. In fact, only the charge and the Leonaidlones <fs t*rre vaned sutce 
(he b's svete assigivd from aaperietce ainh other syateias and arc not very loiponaat 
•0 cootpariscn «iib the dominant CoulombK interMons TlPdP model s/as 
assumed for water along with previously reported parameters fee G' that had been 
Ksted in Mootc Carlo simulanona for Cl in TIP4P waKr In Uksc cakulauons fee (he 
ton pair region m tlv hydrolysis of hBuCI, lorgeascn a al assumed that complete 
loiuzauon had occuired i e . hCu'aitd Cl have unit ch^ges at all aparauons Thus, (be 
charge separauon for the contact ion pair should M esseaually conpleK since it is 
funlKi along iIk re^on coordiuate Hus assumpcton stmpbned (he potential functions 
since (he charge diunbuiiocis and Lennard*Jones parameters could be taken as luvanant 
along (he reaction ccordinaK In the study of tlv effect of hydi anon on the Cl + GICk 
sansitioo state stnKinre, Jorgenseo e< al (57] used again the 'OPdP model to 
deserfbe svateC'Siaier interacrions sihile (be potenti^ fuacuoos for (be wates'transmon 
state stiuctiiie interactions were derived from ab imtio &3lGtd) calculations on 
monohydrated completes TIk Lennard-Jones parameters foe the iransitjoa state 
structure were kepi ftaed for all values of Uk reaction coordinate, the distance Mtweea 
C and G tr.,i) Hk key iiem was (bco (he alterations m the charges 6-3JG(d| 
cakulaiioiK suere eiecuted for the tiansiuon state structure varying t_ and optimiiiag 
cIk remaiuing variable r,.i A liiKai variauon of the Mulliken populatious with the 
re^on coordiuate was observed over tlv enure range of C-G distances Tbis ItiKar 
depciwlency was tlvn analyticaJy luuoduced m tlv statistical simulations by means of 
ihr«« aquations that capressad cha cliauges lu ii(. q., and q., as a function of r,<s In 
(Ik study of ibe S*l proctsa aa well as in ihis last work on a teMon, Jorgenseo 
ei at point out tlw Uk lack of polaiieatioo a especially a covam and probably iha 
chief source of potenual error in tlv last mentiooed study However, tlv authors abo 
ludicoie ihai for (be hydrolysa of r*6uG (ha uature of iIk panwbauon is such that 
some compensation of errors for tlv refeecnee and perturbed system u probable and that 
the same sceeu to be irtK for small errors lo the balance between cIk lotesioaic and lon- 
solveeii lotetactione Hk results for the monohydrated uausiuon state structure of (be 
S.,2 chloride exchange reaction suggest thai the effect of hydraiion on the charge 
dkstikbuuon for the solute is comparauvely miuot Nevertbeleas, the polaitaaiion of the 
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fim slwJ W3i±i eiolecules ap^evt (o t« of ^rtsttt intponoftct Tbis poUnzauoa t& not 
accoovTMMaifd in powiiual fuiicoofi McauM. aM>oit£h Mifi| aa "<H»cuv«" pau 

poUAUaL » fiBiniauu (itad cliarp«« A nwt< suNle poiet c^ecents Uk vanauotts 

aJoag tM Mctioa cootdittate, (bat we lta*c mefiuoecd above 111011^ ihe 4ufu art in 
^ord wjib etpcctaoottt for aqurout soloucti. Cm accua] Wbauottt ait ufidoiibrtdty 
affccKd by ihe uat of a tirtgle <ktrtmirtaM «ave furvuoA 

(n (iKU study of (bt v/oitr dkmti ia liquid water, Bcnraii at a] [139] lAdKait Cut 
tbtir mona jiitufy ibe lae of a dipole fiMfotoi vaUie subttaAUaOy )ug)u thaA Cm gs 
phase value, ia siAiobuoAS of Uv lii|Uid state lay amops of 'effective" pair pottauaJt 
Howtvrr, (Ik aodiors state that allowing vviauen of both inuanolteular aod 
latensiolecotti gtotiMiry paraAMttrs aivj atoAiic charges (and hence, eiuhipole 
iDOAMOtsi would be iKcessary 10 order 10 get a more soplusucattd devripuoA of svaiei 
i6 the liquid state Tbit indKaiet tlK treudi wtueb should t« considered for deriving a 
iDore sopbisiicaud «aicr>waKi poUAUat to t« used ia liquid water siewlauoiu Proto 
their rtody it appears that Cm loiniAiam requireAieets for such a potential are an 
accoraK ikscnpiioo of the electrostauc aud tlK luducuon euergKS Ihcse requireioeuu 
ve quite realiruc owing to ibe recent advaAces lo these fteUs. sikIi as the represeutauon 
of a molecule by Ateans of distributed nwlupoles arwj disuibwed polanzabilwes 
Nevmbelesi, wImu thote poUAUals ate insodoced in a statistical simulaiion and ia Uk 
inierrsi of speed, truncated eipaoiioAS must be eotployed and siAipk atonxentnied 
iDOAopole loodels are sull the foosi widely used The loonopole Atodal has the 
^vantage that 11 provules an intuitive way 10 ihiAh about tbe charge disinbouou wiihiA 
a molecule lo order to improve Umo. tlK dasenpuon of the clecvostaiic urm, mauy 
techntfues have been proposed over the years to accurately reproduce a mdeculai 
charge disanbution TlKsr tccbAiques range froie empuKst approacbes ue. fniing 
charges to eipenAienial data, bke 10 Cm OPLS model! or ibe dcvnoinaiion of charges 
from expetimeAt, to theoretical Avihcdotogies like fitUAg chaiges to reproduce quantuAi 
Aictharucal results, using MulliktA popailauon analysis or using elecirosiatic potential 
sur^e (EPS) fining by means of ab loiuo oi sensKmptrical techniques 

As an aid m oitdrrstanduig the propenes of a molecule, the concept of aiomic 
charge is not a loagAinKle which can M directly determined from tbe Hamee-Foct 
wave fuiKtioA SooK scImok mutt be adopted to divide the total electronic charge 
among Uk atonu m a molecule 

The most wulely used procedure is tbe poptibtioo analysis proposed by Mulliken 
the ptipulanry of this method being doe to its simplieity, but the poor performance of 
Mutlikco charges to reproduce the essAUal features of elecirostauc potential maps is 
wen established Mutlibcn popubuoAS often yield rather different multipole moments 
for the motecub than ttaoee calcubted from Uk Ktual wave fuKtioo Such MuJihen 
populations are also very basis*set dependent In recent years, though, a Aumber of other 
mrCaods have Men developed which alocate charge to a mobcule's aioms based oa 
physical entenons rather thaA simply by the equal partitioniAg metbed of Mulliken 
population analysts Eleccostauc charges reponed by Uwxe meihodologKS are obtaiiKd 
by fittiAg Cm tigourously defined quamum mechanical arul Uk potm-diarge elcctroeiauc 
poUAUals Both Williams |140) aitf Cox and Witliama [Ul| have described methods 
for calculaiuig poim<haige mcdels from ab inmo svavefuncoons which uae regular 
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^ids of pums itt ihejr fining p«oc«diML »fiiJe KoOitba aod Sifi|li [142] and Onrlian 
aod Franc) fldS) ise pum alacUM rootinn a'IiicIi are baa«d upon aiom«otaed abeila 
of DoioB TIm CHELF iCHargs from □ceironauc PoaettiaJa) routine, by Oi*lian aivl 
Raocl [I4J], choom 14 poima foe each conctninc alvU sueroobdini the iMlecnle 
l£i.ty,±2 aod in ihe ccniar of c*cb octant) and uaea ilw meil>od of Lagrange moluplKrs 
«o fn ibe ebargee Tbe L^gisoge lenJiiplu iccbrwiiK )taa tbe advaouge of being faat 
aivl noruteraiive TIm public veraion of il>e ^ELP program hs a boiH*iA I 0 A 
increment betoreen coecetUK ilie)U AD of Um routinea ise appnxjnauly 200*400 
poiM< in evil fit A'lU) poiM apacingi of 0.^1 0 A When tacb of (beee metbode aee 
ised with appropiate wave fuocuooa, they yidd "aMfUK ebarget' si'bicli repeodoce 
cenain fBo)ecu]ar propemaa, such as Uv dipole moevni reasonable mell However, 
Brcneioan and Wiberg |I44| found that CHELP was luappropiate for uee in 
confomauoual analysts because of ue touuona) vanarve As a Ksult of this nndons 
vanauon, CHELP anaJyais of imema] rotation pathways is severely luBHed T)v tsvo 
authors developed then a new appmacb, called CHELPC lOiarges form EIccirostaiic 
Potentials GcwFonentedi, which has shown to be considerably less depemkni upon 
molecular orieniauoo TIk pnncipal difference between tbe CHELPG nwihod aod the 
older CHELP peognre is that the CHELPG procedure employs a poiai*se)ection 
algoinhnt based upon regolarfy spaced points Followiug the point sdecuon ptcoedure. 
the electrosuuc potential ai each of ibe tample potots is calculated analytically from the 
wave function aod gnonaeiry data coniaiued in the coiresponduig cbeckpoioi files Thes 
data are then oted as input for the Lagrange lea<i*S(|uares louune, wtueb has been 
constrained to fit the euct naolectdar charge Tbe computed best*fit charges repeodoce 
the restricted Haruee*FocL molecular dipolr mommas reasonably well 

In the origind wort of Chirlian aod FraiKl 1 1 42), a coetpanson of the elecirosiauc 
potentials arul charges obiauwtd with different basis seta wat reponed Reasonable 
correlation was nbiaincd for all basis sets wivn compering resuH>i with &3IGid,p) 
cakuJauont for a senes of molecules at their sipenmental geomeiraes. If the 
expenmenid geonaeiry for a molecule is not available, good charges may su)l be 
obcaiiKd by using an optiouzed structure For this case, calculasions usnig the 6*2IG(dj 
or 6*3IG(dpi basis scu and geometries optimued at ihe saoie level give results ahicb 
reproduce the chvges obtained wiib the eipenmmial geoavtry and the 6*3lGtdt basis 
set charges givm by ^ELP rrproducs the dipole iBontents of tlK loolecules 
cakulaied at the sarae level of tlKory sahiM the Mulliken dipoles are notably eeiaiic 
dipoles calculated at 6-2lG(dpi level ba*c tlv best comelauoo with ibe 
expmmenudly nvasured values 

More recently, studies carittd out by several authors converged on parual charges 
obtained from riung to the slecuosiatK potential surface of afi luiuo 6*3IGid) 
caKulaucns as a de facto standard [I4S>I48] Support for ibis choice has noted' I) 
Dipole iBoments are overesumated by ICK20 9r with 6*2IG(d| calculations, which e 
desirable to compensate for tbe rvglect of polanzouon effects with fisied-charged 
models, 2) EPS charges are relabvely luscnsiuve to etcsnsioo of the basis set beyond 
fr3IGid) and UKUision ofeteciron correlaiion, aid 3) b-3IG(dj EPS charges correlate 
well (r^O 93) wub OPL^ charges for organic moteculcs, which have bean derived to 
reproduce fluid ptoptmes 
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Kolkman atvl col have )oog advocated (M lue o< elacoosuiK potciiual derived 
cliarget at Miiig ttmple (o denve, iratisfetabk, and a« uibject k> biaa In fact (hey 
have vstidaKd (heu rfCacuveneat in ciKleK aetd-baa iwetacuoas aiad aunple 
aatocjaucns betsi'eea ctoa.'a eilait and polar molecoks [169L. la a rccem paper [147] 
(hey preacrued Lree cner^ perruAMon cakokauotu on (he rtlauve tolvatiM tree eterty 
of d/> aM rru/'NMA. previoualy lepcrtrd by Jet^sea ei al [l}J] Gxpenmcrually, 
ihe aolvaUM fret tfugy diflertfKZ haa beet found lo be tear zero Uairtg ilv 6*SlG(dk 
charges drnved foi the pmt coafaniia(Mn for both Uk etf arvl pow oaodek lea^s to 
a tolvauoo free eoer^ difference of 0.9 ± 0 I kcainoo], cooiparad to tlv valve of 2 2 
kcainool detetiBined for (he OPLS loodel for raar*NMA Rinhermode, «'Iva uiirtg the 
War eleciroatauc pexencial baaed chai^a for pmT'NMA and dr chargee for (he etr> 
NMA, the calcuJaied solvatioo free eoergy differerKe of ce 0 I kcalAool le to etcekleni 
agrccroeet with experinaen 

TIv viabdiry of ilv 6-3IGidk EPS chargee in floid ainwlauons waa teaaed by 
CarlaoA ei al IJ50) by cornfnting free oier^ee of hydraiioo for IS diveree oigaaic 
etolecoles Bo(h MuJdien chargee and chargee fit to (he EPS o/ere cotiudered lo 
coojuKtioo With OPLS Leneard'Jonce paraeie(ere foi the orgatuc molecvks amJ (he 
TINP incdel of water Monu Carlo eifoulauone ^iib eiaueucal penurbanoA theory 
yielded relaiive free tnergiee of hydtaiion Tbe«e weee convened to abaoliite <|vanti(K< 
tlvoogh penutbatioru (o refeteiKe OKdecDks for svbich abaohite free eiiergies of 
hydranoA h^ been obtained previoualy re TIP4P watei l>ie average cirora lo tire 
computed abeolvK free cncrgiee of hydtatioa are I I kcainool for the 6*3IOidk EPS 
chargee and 4 0 kcal/Aiol for (he Mvllikeo chagea. A peiocipal probkAi traced (o 
the MuUikeA charge disinbvvon for nethyk groupe attached to hydogen-boudnig 
fuvQOAality, O'hKh could be largely relieved ia a vet(ed*aioAi foretai AnMoatic C*H 
boeda arc found to be (oo polarized with Mvllikeo chargee Piinher, EPS chargee O'ere 
fouAd (0 yield reaeooable prrdicucne lu the Aumber of hydrogeu t»nd< beto'cen tire 
orgaaic soUires and water l>oitgh the reaulta wiib (he EPS charge are impreaeive, ihe 
aoihore adviee on (heir uee for biocbemcol applicaiicne re vrew of (he individial errore 
of 3^ keathiMl foi Ketamide ai*d U 2 kcal/euk for eihaue Ibe awhors ua(e ihai a 
conbiiiauou of, foi etaoipk. OPLS and 6-3IG(d) EPS chargee miglu be a viabk 
aheruaiive for raped denvauon of partial charges foi new appltcatiooA Scaling of (he 
6*3lC(dk EPS chargee could ako be aA aUemauve, ihoogh UAiform ecaliAg is UAlikcly 
10 be fruitful ui view of Ure gocMl accord that alrerely eaisu betwetA many of (he 
predKted free eireigiee of bytbauoA aod (he eipreiiAtental values 

Tire CHELPG model hoe betA need by loigeium and coL ui several of their 
reactivity srudres For instance, re tire lAvcetigaiion of solvent effects m perycicire 
levoons vbdenakea by tire au(hoi& tire retermokcular uitcrKUOAS weie reprcscAtrd by 
Coulomb ai*d LreAnard-loues tenns with all aionas eiplicu. TIP4P was adopted for 
water, wbile srandard OPLS L<AAanJ*Jonee paroreeiere were adopied for the solure and 
scaled as lire bybridatioii changed Hre partial chargee for the eoture were obiaiiaed by 
fiiUAg 10 the 6*3IGid) Hec(ro<ta(K potential surfacce via CHELPG calcvlatiotu oo 
several sofure sirucnires along tire MEP Namely, the 6-3IGid| CHELPC chargee were 
used for the solutes lo the dioretizauoA of cyclopeotatbene (CP) aod in Ure dimeiiratioo 
of cydopeA(adreiM wKh eretbyl vinyl krtooe iMVKi re water [58] The siabilizauon by 
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A'sur foe 9>e MVK • CP’ mcucMt uu p«edjc«ed w be of -3 2 x Q6 keabliM)! Tbis e 
sofMA'bst lus pfomjBced (ban ihx value ol -4.Z kni/eiot (tiai wu obiaitKd from tlv full 
<Mr£y proHIc for (M MVK * CP te^ott ujth ibe 6-3l&dl MuOikett [59| Ia 

that peevMMia study. 6)ake and Jor^eeseo suU used Mutlikeo pN)^tauo6 analysis 
beta list V Uwy indicaied, a tenet eotrelanoA (M)99i eidis bessi'sen b*3JG(d| 
Mulljteo ebarges amJ ibe OPLS ebarges, for teoiral molecules wiiti firai row aioeu, 
tlufi for 6-3lG(dl EPS clttiges (ts099l Tbe bsi resuha with il>e CHELPG ehargn 
suggest a more even balaiKS between cbe cotunbuuons front the hydrogen Mndittg and 
bydrofbobK effects lo the aecekrianon of (he MVK • CP reacikoe m want. 

CHELPG ebargn were agaiu used foe a reaciing sysMin along wub standard 
Lxttnvd-looes puametets fee (be OassxA reamngefnem of ally! «ioy) ether | 60 ) 
MuKiten chxiges were also cousideretL bowevei. (bey sbosved more wiaucci in gorng 
to the & 3 I 4 G |d,p) basis se( aitd eoenpaited dipole mooviMs wxb tlK MuDiken thxrges 
deviaied siguifinndy (OS • 14 D) front the 6-3JG(d) and ihe CHELPG values lu lba( 
walk, (he authors repor( moMs for the free energy of ^vauou in wa(ee versos gas 
pheae wi(h seveta] SCRF (Self Cousistenc Rencuoa Field) ewtbods considered wi(h (be 
6-3JG(d| a(ruciuns aitd (be CHELPG charges Ihe SCRP results are all gualiiatively 
correct, however the ptedtcied rate accelerauons are all too msall With the Monte 
Carlo apptoneb and the associated rwo*E>xly potentia] functions with 6*3IGid) CHELPG 
charges, the obtained vaJoes, for the stabOiaatton by water are much closer to 
eaptnnsem Tfw realiabikiiy of the charges is undoubtedly tlw domnaaoi Hemeiu lu 
geoiug eorraci relative free energies of hydiauon This approach can be cniiaed for 
ignoang solute polarization by (he solvent sivz the peroal charges ate fixed from the 
CHELPG cakolauous. Hosvevei these results secro to coofinn that polarization is 
ivluded to some erteni m an average svay osnng (o overestuiaauoa of (he polaiiy of 
molecules at the 6-3IGiiJ) level 

Very recently, Jorgensen aivl coL 1 1 S 1 1 have siudwd ibe solvent effects cet the riug 
openiug of cycio propan ooes to ovyallyls. Ceoneuirs for the cyclopropaBcnes, tlw 
transiuoo state sinicnirc tor the rearrangeoKnt of cyetopnpanone, aivt (be oiyallyb 
suere obtaiued frons ab (oiuo CASSCP cakolauotu wdh ilw 6-31(^d> basts set Forevh 
geometry, CHELPG aod MoUiken charges were detennuKd for the use lo ibe ftuid 
simulartccis Ihe loodest computed solvent effects are lo good u cord wiib eapxrtitsental 
data [152] Tlur results support the intxrevdiacy of ovyallyls in cyclopropanoiw 
stmomutahom. indicate (be proximity of (he oxyallyls to (he oansmon state strociures 
for tlw nog openutgs, and confirm tlw principally diradical rather than zwicicnooic 
nature of (be oxyaJyla la (bis case, tlw results from the (suo charge models aee guite 
stmdart tlw somewbai larger effrets from the MuUiken ehwges are consisieoi with tlw 
correspondmgty lager changes lu dipole ntonseou TIk authors stare that this accord 
•s rather surprising la view of (he significaatly poorer results (bar are obtained for fret 
eaergins of hydraiion with 6*3IG|d) Muibken charges, though (be previous oompansons 
jlSQ) involved far more diverse structures than those repeeanted by Uw preseni 
eHiiaiiotas In order to aaseaa to which exteat the structures and chage disuitHTUons of 
tlw different molecules studied miglu be medium depetdeai with ao anticifnted 
teivleftcy toward more zwitterioiuc ebarater m more pola sotvrrus, Jorgensen arvl col 
I ISI) earned out caKulations m (he peeseae of a reaction field SCRF tlwory wa used 
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«jih i dsleciric cotuUAi of 36 laMooiuilo for nJctjbtiotu of cydoQiopaf^ (he 
vafisUMfi eute sinKrure and okvjllyl to tecoeiptfie Mulliken and mELPG chargee jb 
(Ik pmcficc of tlv report fteU ReopaimiaatkOb of ihe geofoeiry of iIk oxyaJI)) 
reaolied in very anal) geoovuica) clua^a T)k cofopaited dipo)e mooian(s for 
cydofiiopanoM and ovyaDyl with (he CHELra chargee aie 2 79 ai*d iAl D in the gaa 
phase and 3.09 aivl 3 S6 D for s s 36 «'i(ho(j( ^eoriKtry reopajiBizauoo Prom tlKae 
rraoHa (he auchora conclode that ise of SCRF diMgaa svoobJ have b(t)r inpact on ihe 
diflettKee in fret energKe of solvaiioa already obtained 



1. RrcenI Tbe«ce<jc«l Dcwfopmcnt' 

As Men aCove, iIk evaloaiiob of tlv poicndal energy of each generated 
cenfigurauon la a key point in the Monte Carb> for MoltciiJar Dytaaeuesj ainiulauoo of 
a dvniKal rearuon in «o)ifuork The ui*dti«tanding of cbemeal proceuea it soUiuoa 
dependa 00 iIk availabilHv of mtemaojecdlar pofeuual eiKrgy functioor (hat can property 
deacriM the molecuUi jottfacnooi So fai, pairwiw additive pounuala stltoee 
pwametruaiioo procesa is vaiy laborious have been employed Kowever. this kiod of 
potential is i*ot suited for describing polarzaiioo effects An afternative approach i< to 
use a cwDbited ipiannuD iDecbamcal aivl classical procedure [I53*l$7|, la which the 
reacung system is treated eaplKidy by a quanum mechanical 4QM) method, while the 
surrounding solveet (the most csMopiKational umcKonsomiug p^i is appeosiioaied by 
a standard moleculaNmccharucs iMM) force field T>ns recent suaiegy avods (be 
difficuli development of tlv potential energy fonctiotas along the reaction path and is 
able to introduce Uk solute polarization effects. 

)n this hybrid QM/MM model tlv motecular system is divided into two pans; D 
a QM region coasistiag of 2M electrons (assuming c(osed*«lKll reoleculesj and M niKlei 
belonging to the reacting sohwe molecules, which is described by Hanree*Fock 
molecular oibiial tlKory: 2t an imeracutNi'Siie MM region comauung the environetental 
solvent wtueb is described by molecular mechanical potential etergy functiont This 
way, (Ik total effective Hamiltonian of the whole syaem is 
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(53) 



vittre a (be lor tlw irolwd QU (otutt. Hmu a itu r>olec(jlar 

rMchdn^cdl rolv^ti^rolvrru or>d jr tJM &oloie*rolvoot 

iriMracdoo which <kpend« oii iht panial and poaitioni of tfn 

icIvtAi iJMi and u givm by 
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e 18 tlK cliargt of elRirots. a, and Z. an clur^f ott ilv aolvaoi afvj sohtt 
ttiKici, S and M are tlte c«(/e8potvliii| total oumben of iai£iao(iott snea, afvj r..aod Ra 
aie 9i8 djftaneea of (M foliitc eMcuotta and twelei fiofo the solvent siks. Kspecuvely. 
Hie L^nnar<J*lotKa uno inelinks (M dupetaion loieiacttoo Mtsateo the QM aod MM 
Ngiooa, and contains tbe only adjuaiable pMaovsets for ll^,8olute and in (he 
present appioacli It i< notcwonhy Out (Ita (enu adikd to in efloaiioo (5Sj only 
aflecs lbs oos*eleevoa pan iii tbs Pock mairit 

l>is total potential etuigy of ilv syoeie m Uv combitKd QM/MM force field is 
calcubied from (bs stpeciauoo valise of (be stave furKtion, ^over A«r 

£, » . 4 ^ («) 

Hers 4tis tbc Harvee*Focl: wave funccioo of Uw aolitu iiDevtaed in tlv soUicioo and 
the four energy lenns of equauoo (5S) come dtnctly from (M corresponding 
Haoulioiiian operators of equations (S3) and iSd) 

Witbin tins KlKme, the polarization energy ofthe solute,^, diK to its inter action 
sttib (lie solvent is given l>y 
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stlaerc ^ L tlv Haniee-Fock *avc fiineuon of (be isolated solute (ie. m gas phase) 
TIk pcdacizatioii energy can be decootposed into («'0 ccninbucions 



a'here (be solute eMcuonx dtuomoo energy. B.«. 
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yO^iCA^O SIMLJlAHOrfS Of CHeMtCALR£4mOr<8 tK SOU/TTOe^ 



i\ 4 pouuve v^Im Oior (h^ trurgy |wtalty for (or polonziAg) Oir 

rolot« rl£c(rauc diwbuucn jo rolouoo. ood 



n a twi gain in jettiafucd cbergy b«t*t<a l^e polariud aoliiu and tlv bolk aok«cv 
ov«r i^ai of an vnpolarjzad aoluK. wluci) cooipcfusut iha aolvR ctocuonjo di&ionioa 
tncrgy kading to tM poUruauoo «Mrgy 

Oo Uw oilKt hand, electric dipolar mooicnif ofihc solute nsolectiles can be obinined 
widi siaiMbnl methods in sb iniho moleculni oHocal cnlctilanons, vibems tlv trvluccd 
dip<4e aionsua lo solifuon ate dctenoined from differrtcei berwetn the valoee obtained 
lO solution and in (he ^ phase 

Ab mitio oukcutai oibital owihodalogy oi density ftmctional (beory 1 1 SB* 160) 
aould be suited foe this cootbiiKd QM/MM approach. However, in order to M abK to 
compute ilie QM energies along tlK Moote Carlo simobuon, nossodays a seeuenpirical 
Hamiltonian, like AMI [161], la a imich moec compaiiauonally sfficient method Before 
ising AMI. the goodoeu of (he scoueniMrica] reauha in gas phase in compartsoo ainti 
the ab laiUo ones has to be leeted. Foe systems io wtuch Uk seouempincal results are 
pool, (he rclaucn 
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• K, 



(60) 



provides tlv «'ay to use higb*(evel ab iiuuo results to replace AMI gas-ph&<« energies 
ibiis the AMI Hamiltonian Ming sasenUally employed to evaluate the effects of 
SDlvatiork 

The combined QM/MM model can be used along nitti Statisucal Pertuibation 
Ihsory to cairy out a Mcnte Carlo simulaiioci of a ebemlcal reacuon lo sotuuon, a'Uh 
the advantage of allowiag soIur electrooic strtKture relaxation in solouoo Panicularly. 
the coetbirvd AMI/TIP3P force Feld has rectnily been applied to stmulaic several 
clwmical processes in solution We *ill refei here briefly to tM Gaissn teanangement 
and to the MenshutUu revtion 

TM Ckaisen rearrangement of allyl vinyl e(Mr in aqueous solution si'ss studed by 
Gao et al |I57| by using iM gas*ptaase ab laitio MEP determined previously by the 
loigeiasen's gioaip |60). It ihis case, 69 of the 143 frames mere employed aWag the 
prrtuibaiioo procedure in the isothenoat'isobanc enseotble as 22 % aM I atm TM 
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itydmoA wm <ouitd (o qicmIur s ;at« dcctletaUM l>y a factor of 36 L ia gcod 

agr«<fT)cnt ^nti both the Mottu Cailo kujIb oI Jor^cosce'j group and the «ipu0D<ntal 
data Tbe aolvmi cficcu swre aunbuted to an aiihatKoevru of tlK polanaauou ia gojAg 
from cM /cactaiu to ib< (rafuiooA state, wbai «'a< Aunoied by the behavtour of Uv 
indiKcd dipole aioouiik 

A specially lateresuagcaae i< Uw McfiKhutkin rcacuoo m mucous soIuuoa, ia which 
a ueiftral oiKleoptn)? aDocks to a oeuiral sobaraie prodiKiAg a large charge scpvauoo 
iJuiiog Uv ceviiork la gaa phase ihi< levttcn is as eairemely usi/asoaml process due 
to CouloAibK ifuerMoru, with a buge energy bariKT (cooiiAg from a iraAsiuoii suic 
or the products if Uk iransttMn state ikies oot exjsiL A< a maDer of Mee4iatkjo 
leacnoAS have never beeu reponed in tlv gas phase However, hydrauon very 
signtficsAily reduces the energy barnet, tlv rencuoa betoremg claarty cxoilumic 
PurtlurAiore, the solvent effect oa the polarizaucn of Uv cwtanis is expetud to 
enhauce the charge separation of the aaueous revtiOA over that of the gas*phase 
reacQork TIwa, the Mcnshutkin rencuoo in water is a very appropnase case to apply the 
cooibuvd <|iiancujD loecbanicat and oiolecular necbauical Monie Carlo 

siAiulatioA appioacb Hus nay. Cm ei a] [162] studied (he Menxhmkin reaction to 
Mueous solution 

H>1 t H/ICH,* * Cr 

by using the AMI/T1P3P force field Dsir to (he tyiooirvy of (bis reutioo, the three 
heavy atora u'ere coAsuairKd to be coDuwar aloAg the C, syoiowtry axis Dihedral 
vanatioos of H.N aAd CH. groups about the C*H bond ererc allowed during the MonK 
Carlo siAiulatiork Tlv bond itAgth aivj tend aAgles axsociaied with the hydrogen atoms 
were opuieized at a fixed H*N<C*H dihedral aAgk tampied lu the calctilauon Monte 
Carlo calculations were earned out to the isothenoal'isobanc ensemble at 15 ‘C arvj I 
atm 10 a tMU cootaniAg 26S water moincules 

To »<«eu the effects of bytfcauoA a two^meAsioAal free energy surface was 
coustructed through a grid sevch ewtbod Tbe two indepervleni coordiAates of the map 
were C*H disiance (Itai arvl distaAce (K<o) arvl tlv Siatisucal Perturboiion 
Tlvory was used to conpaite free energy differences between mgbbouriAg gnd poinss 
First, at a giveA valiu of a seriea of penurbauou calculations with AR, < s tOOS 
A were earned out to yield a free ener^ profile as a function of R.,. 'Ilien, the tebiive 
bcighu of two such neighbouriAg profiles (parallel to each other) at an tAierval of 0 10 
A were deteneuicd by aAotlu penurbatioo calculaiiou with respect to R,<i at a fixed 
R, < value Finally, tlv free er^rgy surface was anchored relative to tlv free energy at 
a value of the reaction coorduiaK iRCi of *2 0 A. l>ie revuoA coordinate was (kfuicd 

6y 

BC a R,,i * R<. * RCo 

where BC« is the difference between the C-CI aud C*H separations at the gas-phase 
transition state structure 

Gao Cl al located the saddle pomi of ilv twonhevAstonal free energy surface at 
R, . a I 96 A and R«i a 2,09 A, artf used this point to define itw iraiKiucn state ui 
sotuiion. Hus way, tlvir most stnkjng fiuding was that oa gotiig frotn Uv gaa phase 
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itMo M«otu MliMCd Uv uaoiJiJM Uii« was tfitfttd ugai/kanily toward (be raaciaais 
wiiti a irfigUutuag of the ON bcHtd l>y OJO A sod a sbortuueg of tlv C-G bond bf 
0 li A 4(he AMJ gas-pitta a*Mk pojm anMars aiEt, sl66Aa(tfR,<,s 224 Af. 
•A good accQid with (be opecsauon accordittg to Hartmotvj possulaie On tbe oilttr 
baiad, Utt resulu show (hat tla solveai effats suottgly stabttia tla uanution ataie and 
the products Ibe cakolated fret energy barner m waar denved from Ua free energy 
saddle pojoi js 26} ± 03 knl/nol, wtuch is ia accord «jih ihe eaptruoental acuvaiion 
CMrgy (23 S tcal/moD for a similai rtaccjon between HN ard CHI m waiet Charge 
aparaucn ts peot o oted l>y the solveoi effect, wKb a charge (ransfet of r>ort chaa 6S% 
cooiplete at the (ranstnoA uaie to water, wticraas it is OAly about to ihe gas-phae 
saddle poiAi 

It II evMlaAt ihanhe cousUDCtkOCi and detailed analysts of the twonbettAstonal free 
energy surface provde both <|ua]itauve and qnaAUUSive new lAsiglus mio ihe lolveni 
effects on Utt Menshutkin reaction ia water, and proeuse a viable approach ia (ttber 
cheeucal reacuont m soliMon Hosuever, we have to Aote that tltt lae of the saddle 
point of (he cwo-dnoensional free ertttgy surface lo diMcterue the trantiuon fiau can 
be confoiing aAd does not smctly coirespond to (he ncaion of (ranstuen state within (he 
fraAie of (he Transition Stale 'nieory. which defines Utt transition stair foe a system 
coAtaining N aiotos as a (3N-l)*diioeiisioAal configuranoAal-spnce hypunur^ce (the 
dividing sorfaeei Sirtte that frae erttrgy saddle point is (he result of tltt collection of 
iltt c on figu rations subouDcd (o rwo independent coiuamints iR.. s 1 96 A and R,„ = 
209 Al It rcpee«A(s only a subset of configmuoAa of an actual dividiAg surface 
(whtth only has one constrauui 

Along ihis chapaet we have reviewed (he present (heoreucal otetholi to 
mctoscopically stottilate chesoical re^oAa in solmioA and we have discossed thrir 
liiBitattons Irvlecd there is a great potemial of growth m loethodolo^ development Ia 
tltt neat years, with tbe impressive advances in coetputer speed we eapeci to see a 
progressive developnaent and application of new methodologies to simubte diensKal 
reactions in solution Several qiute promising new approvltts, some of which t«gin to 
t« appbed. could be the follnwiAg. 

1 ) Eaienskon of the QM region to an increasing Aumber of solveAi reolecnles. 

2) Use of high’level ab iniuo modular orbital methods or density foxtional 
Hamiltonians to simulaM the QM region through approximate solutions of (he elecironic 
ScheodiAget wiiouoa 

}i Empttical ValeKC Bond (EV6) |J63.I64) simulations as an ahrtitttive to Molecular 
Orbital based methodi. 

A) Tbe Siatisiica] ^enutbation 'nieory should be applied allowing a complete sampling 
of (be solute coordinates (and if possible, of the solvent coordinates* 'Dus way ao 
solvent cfluilibruim bypoUttsis suould be introduced at alt 

5i Different presenpatons to choKe the set of dividing stiifnces in order to apply the 
Variational Transition State 'nieory should t« anatyeed arvl compared 
hi Beyond Transiuon Sum Tbeory (and (berefote beyorvl 9>tonie Carlo simulaitons) 
dynamical effects coming from rectossuigs should be introdoced Furtbeimoie. 
addiuonal <|uancum mechanical aspects like ninneluig. should be taken into xcoum lo 
some cbeeucal reactions 
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L Introduction 

most atnusdant compound on cur planci woifr si Ihc liquid stale 
Because of its diffusion aj>d us sclvadn| propenies, a large number of 
chemical reacUon^ icnponant in life and in indusihaJ processei^ lake pJaee 
in aquecus scriuiion 

Prom a compsuational vie^v point chemicaJ rcaclions in solution pmeru 
a yet not solved challenge. Oo one hand, some of the solvent effects can 
be appmunuued as if the solute osolecuJe wotJd be in a continuum with 
a |iveo dielectric chararteriiation of the liquid, and this view poiru has 
been pioneered bv Bom ()). later by Kirkwood |2| and Onsager [i] and 
even later by many cooiptiotional qiumctim chemists (4*9). On die other 
hand, the cononuum OKxlel fails totally when one is irueresled in die specific 
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intewliofu of <he fuu soJ^aiiofi shell with the scriutt: clearly )f an hydrogen 
rather Osaii an oxygen atooi poinia towards a specific aiom of (he .solule 
roolecule^ (he energetics of the interaction ls dnstically different Thia 
leads lo (he need to represent (he first shell in a ^tailed way« recogruaing 
explicidy the solvent mckcales at Ihe atomc level An extreme ca.se of this 
ne^ IS for reactioos in acqueotia soluoon. where cne of the rescsanls is a 
molemie of water. 

Unfortunately, as it is well known, in liquid water one water molecule, 
solute or solvent is chareclenzed by being connected to other rooleculea of 
water, creating a complex nerworiL It is also known that this network is of 
two mam types clatrate^like or hydrophyllic type. The (wo have different 
chararteruations in die fuu solvation shell, thus generate a different eiectrK 
field on the solute 

From the above, it should be dear dial the continuum model can sioi^ 
uUle only (hose aspects of the solvent which are soroewhal independent 
frooi hydrcphobiciry. hydrophylliciry. ui general Rrst solvadon diell. and 
specific interacUons wnh the .solule The i^sKal proUeoi as a general ooe. 
namely, it relates to (he validity to ase quantities, correctly described and 
defined at Ihe macroscale level, in the discrete desenpoon of roarter at 
the atoTDic level For such snidy. one needs explicit consideration of Ihc 
scrivenl. f^ example the molecules of water. This can be done either at (he 
quanlun^mechofucal level, as in cluster coropsuations We recall, in this 
regard, the pioneering ab iniUo work by E. CIcmenti and his group |1Q) 
f^ systems like water^waler. water^ions. water^sroall molecules. We recall 
also (he pioneering work at the semiempirKal level presenled by many, for 
example by Scheraga and his school. Another approach is to simulate the 
sysiero al the Molecular Dynamics (or Monte Carlo} kvel. these techniques 
allow to consider very large systems and. if one assumes pencdic boundary 
conditions, even infinitely large systems The limitations of Ihe Mcriecular 
Dynamics are in its classicaJ nature and m Ihe need to make use of 
fields The latter can be obtained either semi^emptncally. as it is done 
for example in Ihe AMBER. CROMCXS. CHAkMm computer programs, or 
Irom at^imoo computaoons as is done m Ckmend and c^wortecs codes. 

The motions of a nsokcular system, for example a solution, occur on 
many tune scales There are very fast electronic motions, the basic mech^ 
nism in chemical reaclions. (hen. the nuclear motions, vibrations, librauoos. 
rotations, and translaoons (diffusion) In the Bom^ppenhcimer spirit, ooe 
can censider the elecirooic moo on as separated from the nuclear motions, 
thus one can talk of micr^defortnabons to be treated quanlum mechanic 
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c 4 Jly and fnacTD-dcfocrn^tions^ which can be treated classically. Tbia the 
a^iniuo aiffoach prDpesed by Clcfoenti aj>d oworken tor <hc snidy of 
papain |ll| in the laic *70 More recentiv. Car iind t^arrmllo |12| have 
Miyeatcd lo ccorpule (he force field in Molecdar Dviuinucs with apfnu^ 
mated qaantam mechofuca techfuqoe^ Since (he latter are ^till expensive 
computanoA^ the Car^Pamnello methods and similar onei« can be used 
for aysterru ot moderale sue and for reladve short aimalao^ ome (sav no 
moft lhan iOO molecules of waler. f^ a few picoseconds at most and tuui| 
the best compsitational faeibdes today avaiUbJe. AJienuUvely. one can use 
seiDKOipincal apprcxmaDcns. which scale a& rather than 0^. where n 
II the number of ba^s hinedens used to describe the electronic orbitalal 

The two avenues above recalled, namelv al^inidc compulations on clus« 
ters ar>d Molecular Dynamics on one hand and continutim model » the 
other, are soroewhaj tnd^ed by those techniques where Ihe solvent is 
eluded )n the hamJtonian al the dearoslatic level with a discrete repre^ 
sentaiion l)i.) 2 j. It is important to stress Aat quantum^roechamcal com* 
putatims impiv a temperature of zero K. whereas Molecular Dynamics 
compulations do include ten^ralure As it is well known, dus inclusion 
IS of paraiDount imporlance and allows also the consideration of entropic 
elfccis and thus free^ner^. essential parameters in any reacuoo. 

In this paper we shall consider a few systems we luive analysed m the last 
few years, attempting to indicate shortcomings and advantages in Ihe above 
^proaches. We start with the re«ctioo NK\4^HCl M NH 4 CI. an example 
pioneered by Clementi in Ihe mid 60's with all<leclran a^initio cempu* 
taOms This is a classical calculaoon. since not orJy is the first al^inido 
work for a nmi envial mdecular system, bul also because by computatmos 
It atterr^ts to verify the kS. Mulliken's hypothesis on the existervee of 
two complexes: an inner<omplex HjN H ** Cl. and an outer<omplex 
^ The compsitation by Clementi indicated the existence of 

only the inner c om pl ex .Since it was done at the HP level, the correlation 
emxs were orJy estunaied. but it was concluded that the overall reaction 
would occur on a surface with orJy one nummum corresponding to the 
* H • Cl complex The binding energy of the complex was measured 
expenmentally few yean after the compulaocn and resulted in substandal 
agreement with the ^read of binding energies proposed by Clementi L^ter. 
(he energy surface of he reaction was analysed by many authors, and this 
narrowed down the predicted range of the binding energies, but left unal^ 
tered the conclusion of the one*minimum only in the reaction hypersurfare. 
In this we shall include the reaction field mc^l to die compulation 

ot the reactioo hyperturface of the above process and we shall show that 
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wc hvt rwo AhaUcNV cninifna. the deepen cr>e cone^ponds tc Ihe cuter^ 
complex propel by MulUken Thu^« we can conclude (hai ihe solvent 
effect even cons)dered within Ae hmitaoonc of the conlinuum mcdeJ« can 
bnns aboul a different rearocn (nducL Parenthetically^ this poHits cut 
once more the non ttiinsferabiliiy of reardon mechanism from gas pha^e to 
soJuDcn: unfortuiuitely. nuny t^uantum chemicaJ snides of reaction mech« 
nnisirt in current hteranue. compare computaiions m the ga^ phase with 
expenmertlal data in scriuoon It can be argued that when there )s agree* 
meru beca*een the two seut of dauu there is reasonable dcuU for assuoiin| 
the latter it obtained somewhat accidentajlv. 

The second example concerns the lithium ion. either considered in a 
cluster of water molecules or in aqueous soluoon The idealized solution at 
lolinite dilution of a lithium ion (without counter*ton> predicts six molecules 
of water in the first solvation shell if one uses pair*wise 2*bo6y interactions^ 
but the some type of compuladon predicts four mdecules of water when 
^bedy effects are included The computations were p e rfor med at room 
temperature We have perfbaned cluster computaoens for the 

with n s and 6. using a density funcdonal program de* 

veloped in our laboratory. When we cooipute tltf most stable configuration 
for the pentamer con^lex Lj*( starting frooi the most staUe conRg* 

uration obtained with the 2^body potential, we obtain an energy mirumuoi 
for a cenformatton of 5 water molecules surrounding Ihe Li* lo a first solva^ 
tion shell However in a MD sioiulation of the some systeoi. analysis of the 
trajectories indicated that one water molecule tends to abandon (he first 
solvation shell. erUering in the second solvadon shell region This example 
IS pven Id stress that energy oiinioiizaiion for nen tnvial small systems 
oiusl face the rnulo rruruma problem, since results are too heavily depen* 
dent on the iruoal condition Further, recalling Aat oiany oilnima can 
occur on a very narrow energeoc range, we must be aware that enuoptc ef* 
fects. neglected in general in the energv minimization, can lead lo incorrect 
ccnclasuns. 

In the third exan^le we dial] compare structural details of connecUviiy 
in water, either in clusters or in the liquid. This example is pven to warn 
on transferring concUisioos obtained rfom clusters to Ihe liquid Indeed, we 
shall .show that whereas ui Ihe clusters at zero K temperature, closed nng 
or 3D^type structures are the most stable ones, in the bquid. at finite tern* 
peratuje. duee^mensional nerw^s are dtf predominant configurations. 

In the last example, we move to the general problem of nucleic acid 
simulations It is abundantly clear that simulations on DNA double helix 
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witfxMt cowdcnAg the solvent sst open lo very sencus cnlicisoi. since 
the do<ible helu in vsnio is not slabk In our example we consider the 
stability of ihe base pain (A«T and C^) either lo vaoio or with a reMlion 
(ield« simiJatini the solvent We ha\o concluded that there is a decrease 
in the stability for the pair when the solvent is included We have also 
performed vibraoonaJ analysis for both the separiued bases and the base 
parrs (in vanio and in solution). I^r the |as phase simulations^ the coro^ 
puted IR frequencies are ui afreemenl with available e>^moienta] dat^ 
Notable shifts are predicted for the Ik frequencies of those atoms lovolved 
in the hydrogen bridges in the pairs. Latemtory results on d>e shifls are 
important since they (nvide an addnional tesi on the predictive power of 
the simulation approaches we have experimented with. 

2. Cuamenb on the methods ased la uur simululions 

The methods and the corresponding computer programs we have used, have 
teen amply documented in the past literature. However, for the so):e of 
cooipleteness. we present a few comments, which mighi be uaeful lo the 
general reader 

Concerning quantum chemical cooiputations. we have uaed the MOLE« 
COLE procram (iSa). for HP and type computaliona The Molecular 

Dynamics simulations with analytical force fields have been p e rf o r med with 
the DCNaMICa program [l8b) The MOLECOL&DPT program |18c) 
has been used for both the DPT energy mirurraaaDon and tor the DPT* 
Molecular Dynamics. 

2 I DENSITY FUNCTIONAL THEORY IMPLEMENTATION 

Here, we discuss in some detail the DPT imfHementalion in our computer 
program, since only in Ihe Iasi few yeors DPT is becoming more familiar to 
the chemists' communily. as opposte to the ph)^sicists' commuoity. where 
It was used rouonelv for the last thirty years for obtaining structural and 
electronic propeclies of bu\k soluLs and surfaces (19) 

Por many problems in solid stale physics, the cooiputational efiiciency 
of the cooiputer programs is the result of using a pfanewave basis set and 
performing part of die calcuJatioo in momentum space through the use of 
Past Pouner transforms A planewave basis set is naiurally applicable to 
systems with traasladonal symmetry and this is the Ley of the success of 
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the appUcauons of Dmit} Functional Theccy lo cryslallioe solids and sur* 
faces. However, the use of planeu*aves enforres a penodiatv not present 
in most molecules aj>d the so called ""supercell approach"" onist be used in 
order to treat apenodjc systems |20| In dus meth^ the moJecuk is placed 
at the sites of i three dimensiofud lattice of points, thereby restoring peri« 
odicity. In the hoiit that the lattice points are \try far apart, the roolecule 
IS treated accuralely. An allemalive formulaijon consisis in using a basis 
set of localized hincdons. This ^proach ofters a more rtaturaJ wav for sioh 
ulation of oicriecular sj^slenu. which usually are nor^penodic. Techniques 
using numencal basis sets (21^32). .Slater type basis sets (23^24) aod Caus« 
sian basis sets |22«26| luive been developed and used successfully in many 
chcroical problems |2?«29) In particular the use of Caussian type basis 
sets penruls the udlizadon of the wealdi of eapenence gained in standard 
al^initio oiethods for Ihe evaluaoon of two electron integr^a. derivation 
of analydc gradients, etc. Approximate dertsily functional thecnes for Ihe 
correlation energy evaluation using the exact exchange have been proposed 
and used extensively for obtaining die dvnamical correladon |30*2I) In 
cases ui which the near^fegencroev correlation is important, a proper diw 
sociation wave hincdon .shoiJd be employed (31) A densily hincDonal for 
the exchange and correlauon energies will be used in several examples diw 
cuss in the preseni chapter. 

The Deosit)^ Functional Theory is based on a theorem by Holtfoberg 
and Koho (32) which states diat Ihe total energy E is a hincxional of the 
charge density p. Essentially the problem of detenoining the wavefunclioru 
a function of 3N dimensions, where N is Ihe number of electrons, is reduced 
to Unding the densily. p(r|. a function of only 3 dimensions. However, there 
are no simple and unique presenpuons for the determinolion of this density 
Applications of DFT becaroe feasible with the work of Kohn and .Sham (KS) 
(33) Assuming that the wavefunctlon of a svsieoi can always bt wnnen as 
a single .Slater^eterminant. by minimizing Ihe total energy with respect to 
the density 

(i) 

A 

a set of N one-electron e^aoons is obtained 

(-— + ( 2 ) 

with the effective potendai. 

j f - rM 



( 3 ) 
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where nx the occupaticn number of the KS eigen^taie whose ei|envectcr 
II denoted by (Here« the eqiuiiofu ^ <knved for Ihe unpoJanzed spin 
an extension lo the sp3>poJanzed case is sni^htferwasd) In Eq. (i\ 
IS the external poaenliaL speciRcaJIy the nuclear atnclion potentials 
ihe second term is the Ccailomb pceenoal and ihe last cerm is ihe exchange* 
coTTelaUofi polentiaJs given by the funclional derivative of Che exchange* 
correlation energy with respect lo the densily^ 

ll has been tcond that a reasonable a|^roxijnaJion for the exchange* 
correlation energy can bt taken from Ihe solutions of the homogeneous 
electron gas (Local Density ^^prcxitoaDcn^ LDA). The LDA provides a 
reasonable description of exchange^correlaoon elfecis when the density is 
a slowly varying function of position |M*35) The correlation energy term 
for the hotoogeneotis electron gas has been computed very acciuately [36) 
and several Ills of these results to anaJybcaJ expressions can be found in 
Uceralure [34«3j«3T]. The exchange^correlaiion energy in the LDA is wnrten 
as: 

-^[^1 = j ii) 

where e«(p) represents Ihe exchange*correJadcn energy per eiccircn in a 
|as wiih densely 0 Since finite systems are ofieo nor^homogeneous. more 
sophisticated fuocuonals were developed (38^40) containing also the gradi* 
ent of the density which is clearly a measure for the inhoroogeneity of the 
electronic density. This kind of approximation is usually called non*local 
denaicy pprcxiroadcn (NLDA). The use of the NLDA has been shown to 
iropruve consideratriy the agreement wiih expenmeni in the evaluation of 
properties of cheroical interest (41). for example tend energies, hydrogen 
bond interarticns. etc In our iorplemeruiuion the gradieni corrections of 
Perdew and Wang (40) and Becke (43) are available for the exchange terms 
Per the correlation tenos Ihe gradieni cwrecticns given by Perdew (39) are 
used, with the Voako paromelenzaoon of the local pari. 

In the present approach. Ihe KS orbitals are expanded in a set of func* 
Sons related to atoroic orbitals (Linear Combination of Atoroic Orbitals. 
LCAO) These functions usually are optimized in atomic calculaoons fn 
cur impleroentadcn a basis set of contrarted Gaussians is used The 

basis .set is in general a truncaled (finite) basis set '"reasonably selected*. 

Following standard formalism, by expanding Ihe orbilals and Ihe der^ 
sity mairix in terms of the basis set : 

(5) 



= Y>C%{f) aad P„ ^ 
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ibe cctd enfirgy can be wnllcn iis 

£ » Z"'/ (6) 

wuh ./Ip) tenn« the CouJcoib lenru |ivco by 




besides Ihc Oaussian bafis set for <hc wavefunction^ iifi additional set of 
nuclear ceolered Oaussians^ \gi\, can be used for expanding the electrmic 
deni;ity [2i], which can be Mrten aa 

( 8 ) 

k 

W)th thi^ apprcaifDation^ dte evaJuation of the Cciilorob lenn acale^ aa 
)n contract Ic the standard way« which scales as (N and M are 
dte number of primitive functions in die ortnlal and density basis sets, 
nispectively) The expansion ccef^cients of the eleclrooic density in 
(8) are chosen such as to roinimize the error in the Coulomb lerm arising 
from the difference between the real density and the fitted density (25). 



Unlike the expansion for the eJectruslatic densHy, the fitting of the 
exchange<orrelaQon energy requires a least squares ^t of the coefRcienLs by 
^aJtuiiing an auxiliary set of basis functions, the eachange<orrelation 

energy and the potential on a three dimensional grid (25.26.4i], After per« 
feeming the least^sqtiares fic two sets of coefficients are obtained, (f^] and 
j^j. for the exchange<orTelalion energy density and potential, reepec^ 
Qvely, 

^ 19 ) 

) ) 



To perform the least^squares fit, (he density (and its derivatives if a non^ 
local density functional is used) has to te evaluated at all points of the grid 
ma)dng this step very lime consuroing Many different types of grids have 
teen proposed for Rtting die exchange^correlaiion energy and potential. 
In most of the cases ihese gnds are based on the superposition of atomic 
cerUered grids (44-4d|, (n our prograoi we iropleoiented the adaptive nuckar 
cerUered gnd proposed by Becke (46) The auxiliary basis, \hi\, needed for 
expanding the exchange<orrelation energy density e«(p. and potential 
>te(P) (see Eq 49)) is ustially choseo as a new set of Oaussian ftmcoons 
(43) We have impleoiented a ditterent approach in order to use the same 
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set of two electron integrals for the Coulomb and Ihe exchafige<ocTelalion 
lermi« the set is related to the density basis set through the following 
expression l 

= j ( 10 ) 

Or>ce the coefficients for the expansion of the eichange-correlalion term 
have been evaluated^ all matrix elements can he calculated analytically. 
The Obara and Saika (47) recursive scheme has been used for the evaluation 
of the one and the two electron integrals The total energy 35 therefore 
expressed in terms of the ritting coefficients for the electron3c density and 
the eichange^correlation potential. 

An ahemative procedure consists in using a numerical integration scheme 
to evaluate the exchange^correlation contribution In this case, no auxil^ 
iary basis set 3S needed for the exchange<orrelation term^. and numerically 
more reliable results can be obtained 

(n order to solve the electronic structure problem for a single geome* 
try. the energy should be nurumized with respect to the coeffic3enls 
(sec Eq. (5)) subject to the orlhogonahty constraints. This leads to the 
eigenvalue equaUon * 

Dt*.; + Kf + v,y]c; = nn 

1 / ) 

where and V|l are the standard one electron kinelic energy and nuclear 
attraction oiatnz eleroents. is the corresponding Pock oiatnz deoient 
and the Vfj and are ftincuon of [^\ and {Jif, the fining coefficients 
for the electronic density and exchange^conelation potential respectively. 
As It IS usual, the Peek matnx 3S a function ot the matrix of coefficients 
(C^|. therefore the proble m IS solved iteratively The roatru; of coefficients 
is obtained by solving Eq 01). which in turn depends on Ihe same 
set of coefficients through the Pock matrix dependence on the fitting sets 
I a/] and 

The evaluation of the analytical gradients of the energy with respect 
to the nuclear coord3nates ia of importance for searching equ3 librium ge« 
omeines. reaction pathways and for performing firvt pnnciples Molecular 
Dynamics simulations. In our approach, the evaluation of the nuclear gra« 
dients requires the computation of the derivatives of the one electron {two 
index) and two electron (three index) integrals. $3nce only nuclear cen« 
tered cartesian Gaussian functions arc being employed for both orbital and 
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fliiYiMjar y 6?ts. wc ciifi US6 iht pnpcrty that the dcnvaiive of a carte* 

si£fi Cau5;^ian IvrKtion a combiriadon of cwo ditterenl Cartesian Gaussian 
fuocuons with angular mcmencum either lowered or raided by ooe« respec* 
tively 

The caJculadcn of the haruioruc vibraiiorul frequencies )s performed by 
evaJu^ing Ihe wond derivadves of (he eoer^ with respect to ihe nuclear 
posdonr through a numecicaJ differentiation of the g/adientt Bv uaing 
a mass weighling procedure followed by a diagonalizadcn^ the harmonic 
frequencies ar>d the normaJ mcdes are obtained These freqtienoet can be 
used in the evaluation of the zer^point energies Nooce that the inffared 
absorption inlensities can be calctilaled by taking Ihe numerical derivatives 
of the dipoJe roomenl and by transforming them to the corresponding ones 
with respect to the nocmaJ mcdes (48). 



2 2 DPT MOLECULAR DYNAMICS 

MolecuJar dvnamics simuladons. with quantuoi^mechanjcaUy denved en* 
ergy and forces^ can provide valuable insights into the dynamics and struc^ 
lure of systems in which electronic excilatioos or bond breaking prc<cstes 
are important. In these cases, conventional techniques with cJassicaJ air 
aJ)^licaJ potentials, are not ap p ro p riate. Since the quantum mechanical 
calcuJaiion has to te performed manv tioie& one ai each time step. Ihe 
choice ol a comptitalionoll)^ fast method is cruciaJ Moreover, the method 
diouJd be able to simulate electronic excitations and breabng or forming of 
bonds, in order to provide a proper treatment of those properdes for which 
classical potentials fail. 

Once the energy and forces have been obtained, the nuclear equations 
of motion are integrated using standard oiethods (49) 

^ 3E 

«-*? = 01 > 



Since the changes in geometry horn one rrxrieculiir dynamics step to the next 
one are smaJ). usuaJiy a few iterations suffice for achieviog seJf<onsistency 

An alternative approach wa.s introduced by Car and Parffnello (12). who 
developed a DPT^MD mediod to study periodic systems using a pJanewave 
expansion in which the electronic paramderv as well as the nuclear coordU 
nates, are treated as dynamical vahabJes. Following the Car and Pamnello 
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approach, in the LCAO jopternenutwo of DPT. a L^(rafijiafi of the fonn 

f i:J* E^, + I {«/)) + „3^ 

ciin be ccrvtnicled for generaunj ihe e<]uaticn^ ot moo on for (he atooiic 
nuclei and variational parameters. The Nx (he number of conlrocted 
Gauasan functions in the expansion of die molecular cebilaU. U is a Ac« 
tiOcos mas^. aswiated widv the expansion ccefRcien& and the are 
Uitrajige moltipUerc. necessary cc enforce crtho^onalicy for the molecular 
orbitaJs. 

In order cc generaie Ihe equations of oiotion. one needs the jcadients 
of the energy with respect to Ihe nuclear coordinates and die variational 
parameteet The expression f^ Ihe nuclear gradjenis are reported in Ref 
1 18c). and the derivation of Ihe jcadtenLs with respect lo die electronic 
coefficients is snightfenvard * 




The nuclear equadceis of motion are given by (l3) and the correspond^ 
ing ones for Ihe electronic coefficients are t 

Ar ^ 

05 ) 

The technique can be uaed either to perform geometry cptioiuatioru by it* 
multaneously annealing the wavefunclion and Ihe geometry, or lo simulaJe 
real dyoamics. if die temperature of the ficdOous (electronic) parametert 
IS kepi close to xerc \ drawback of Ihe medicd is that soiall masses must 
bt chosen for die electronic paramelers in order to achieve an adiabadc 
separation of the nuclear and the fictnious panmeler motions As a con^ 
sequence, tioie steps soialler lhan MD simulations involving only nuclear 
motion, are required 

In our approach, wsins a standard nuclear centered Gaussian basis set. 
we found that, in general, it is comptuationally oiore efficient to evry oiu 
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1 full ic\( coosislent ciJculauon at t:i£h dm ttep than Id tht Cu^ 
^arnnelJo iipproach. itnct we can use mucf) latgar tim slepa. Hc4^ver« 
ibe Car^^arrineUc mihcd offers a converuent and pcu*ecful allecnanve (50) 
for llicse caset in which the vanadcnal pnblem is ncn^linear^ for esaoipte 
when uting a Aoadng Cautsian batis sec where ii is not possible to sol\o 
ihe pTDbJem d^rough self^consislent diagonaJization 



2J THE SELF CONSISTENT REACTION FIELD. SCRF. METHOD 

The Onsager's metion field theory [i] has teen incorponued into MO 
calculaiiorts by Tapia and Gcscinski (6) The nwdel has been appJied to 
different peobJerDS u^rtg either serDieorpirical |5lJ or ab-irulio MO dteory 
(52). or correlaJed a^initio techniques [SI]. 

In the Onsager's SCRF model, (he solute is placed in a cavity immersed in 
a continuous medium with a dielectric constant C The oiotecular dipole of 
the solute induces a dipole in (he solvenc which in cum interacts with the 
moJecular dipole, leadiog to a net stabilizaiion effect 

This electrostatic effect may be represented bv an addidonal term in the 
one^eloctron operator: 



® -ii.tc with R = oil ji6) 

The reaction field factor g depends on the gcoroetry of the cavit)^ and on 
the dielectric permittivity i of the solvent 

When one uses a rejularly shaped cavity, such an ellipsoid or a sphere, 
(he reaction field factors are given by analytical etpressions |55j. For a 
spherical cavity, g is given by: 

The reaction Reid effects are easily incorporaled as an additional term in 
the Kohn^Sham matrix, given by t 

F,, r.ijZ i«,> (i«) 

where is the Kchn^Sham matm element given in £q. (II) and 
and are basis functions After self^coosislency is achieved, a solvent 
polarixation energy 

( 19 , 

IS added to the total energy. The $eIf<ortsistenc reaction field procedure 
coosisis of iteraovdy solviog for a consistent dipole moriieni p and reaefion 
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fidd A This is done b; evdualing the dipoJe moment at each KohrvSham 
ileriUion^ iind iterating uml both the density cnatm and the rearden field 
are cooverged. 

(he case of charged systems with a total charge Q, a term to account 
for the tonHjtpoJe mteraetton shoiJd be added to the total energy For 
a spherical cavity, this term ts a constant, sirue it does not contribute 
variatnnally to the total energv. 






-0.5(1 -i)2! 



( 20 ) 



The dipole moment of a charged system 3S not trajtslaiionaJIv tnvarianc aj>d 
It must be evaluated with the origin at the center of the electric charge, 
tn order to bt cortsistent with the spherical cavity assumption. The dtprrie 
moment is therefore confuted according to: 



. . iQ+S) • 

M = M y 



( 21 ) 



where |L^ and arc the nuclear and electronic conoibuttons to the t^ 
tal dtpole mooienu with respect to an arbitrary ongin. arid ^ ts the total 
number of elecirons m the moJeede, 

A related methcdology that makes use of the calculated surface charges 
aJ the cavity surface to estimate the totecacoon with the solvent has been 
deserited in Ref, [54]: in addioon. the reaction field roodd can bt c%^ 
tended to include the effects of higher order muhtpdes 1 25), In the present 
implementation, ooly dipole effects are considered. 



UnfocUinaiely, the shape of the CAvtty plays a ma|or role in the model, 
and the pclaruauon energv of (19) ts a fuocuon of the assumed cav^ 
rty"s ^ape In the case of relatively coropact molecules the cavity can be 
approximated by a regularly shaped surface such as an ellipsoid, a spheroid 
or a sphere. However, more sophislicaied approaches have been proposed, 
defuiing for exaorple the cavity by an elecrronic isodensicy surface enclosing 
a vdume equal to the owleeiJar volume, or to the mcrieouJe Van der Waals 
surface |54], Whereas the reaction field factors, in the general case, are 
evaluated ntimencaJly by using electruslatic boundary conditions, for the 
stmfrier geometrical shapes, analydcal expressions have been derived (53) 
Given the approxtmaooru involved tn the reaction field model, and in ^er 
to have an efiicient program which allows the determination of optimized 
structures, rvmoal modes and molecular dynamics, in our program we have 
impleoiented only the ^hencai cavity. This seems lo be a reasonable choice 
for the snidy of reladvely coropart moJecules avoiding the approximaJions 
involved in the definition of more complicated shapes for the cavit)^. 
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In our approd£h« to ^^omate the sue of the cavity^ the scriutt molecular 
volume (P^) is needed For a sfrftenciJ caviiy the rnditu it celaJed lo the 
oicriecdar vcUioie (which can be evaluated from the eapenmenlal density) 
accordutg to: 

Ahemadve methods^ at Uroet very complicated^ have been proposed 
for esUmatini the value of St. 

AnalvticoJ first denvauves in preserm of the reaclion field are earthy 
derived for a fixed C9vtty tise. The expresscn for the gradients is the same 
as the ooe given in equation (33) of Ref |lSc)« with an extra term for the 
reaction field : 

-^^^9 (23) 

vAere is the 1 Cartesian coordinate of acccn 0 i» ^ is the total charge of 
the syttenv N Ihe nurrd^ of electrons^ ^ a densily moihx element V 
and ^ basis funcUons^ ^ the charge on atom Ct and U; the 1 component 
of the molecular dipole mooient 

The derivatives of the integrals < 4f| Q 1^ > ore evaluated by using the 
recursive scheme of Obora and Soika (47) 

By adding the term given in Eq. (23). and keeping the value of 43 fixed« 
geometry ^dmiaatioos con be performed ol veey Imle additional cost« 
compared to isolated cnokciJe calculations. 

in addidcai. by numerKaJly differentioling the analytical gradienls. the har« 
monic vibrational haquencies can be obtained. 




3* The NHj ^ HCl s-4 NH^<H reactian in vacuo and in aalutian 

The reactioo of ammonia and hydrogen chlonde in the gas phase has been 
the subycct of several studies in the last 30 years (56^). The interest in 
this system is mainly dul it represents a simfrie mcdel for proton transfer 
reactions, which ate Important for man)^ chemical and biological processes. 
Moreover. In the field of atmospheric sciences, this reaclion has teen con^ 
sidered as a prototype system for invesligation of particle formation from 
volatile species [ 66 . 6 T]. Pioally. it is the reaction chosen os a benchmark 
on the obilit)^. of quantum chemical cooipuler simulations, lo reolistKollv 
simulate a chemical proce ss , ils reaction path and. eventually, its kinedcs. 
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Since the fint (hecretical al^iniOc predicticn of the exi5;tence of a atabJe 
g£MCM£ cofDplea between HO and NH^ NH\ 4 HO 44NHjCl (56). ihe 
lolecest been focuaed on the nature of the stabibzaticn. A niuntor 
of (heceetical and eapenmenlal studies have been earned cut in order lo 
establith Ihe jeonKlry of the equUibnum atrucrure (or ^tmcUim) of (he 
con^lex and heiKe lo deRrw the character of the intewlion a^ either ion* 
pair-l)keor Hbcrwiedhke |j6^S) 

In 1952. when (here was still no eapenmenlal evidence of a stable NH^I 
famous complex^ MuIIiken |68| su^gewd (hat two tvpes of slable strucrures 
shodd exist an uiffe? coropJea and an ouwf one separated b) an ener^ 
bamer To teal the^ hypothesei. in 1967 CkmeoU 15637) performed SCR 
MO caJeuiatiens and iherrrKdvnafDicaJ anaJysea and showed (hat« withm 
(he Hanree^Fock apfmimation^ a sin^e bound ccmplea characlenze^ the 
polential energy curve cf Ihe approaclung HCl ar>d NH) without any bamer 
between Ihe separated fragments and the complex. The estimated e<]uilib« 
num siruccure resulted to be an H^bcnded specie with a lirruced charge 
transfer character. Although quile advanced for that tiroe. (he SCF^MO 
caJculations suffered from basit set truocation and neglect of correlaoon 
effects Energy estimates related to the^ie imitations were provided. )n (he 
spinl of the Multi- Configurauon-Self-Crinsi&tenl-Eield the^ (MC- SCF^. 
which at the time was being rediscovered, it was concluded that the con- 
clusion on a single minimum will remain valid even w)th po^vHartree-Eock 
sioiuiations. 

In Verhaegen and Ooldfioger obtained the Rjv experimental ev- 

idence of the complex fr>rma(Jon ^om mass spectroscr>pic studies [Si] and 
proposed a Du value between j • 15 kcal/mol against the value of 10 * 14 
kcal/moJ <knved by ClemeoU from the computed and (he acro^pomc 
energy estioiates. Analysing the IK specua performed at 1$ K in a Nj 
matrix. Fimentel confirmed (he H^bcnded nature of Ihe complex and esti- 
mated a value for Da in the range cf lO * 20 keabmeri [S9\. A subsanUal 
imprcveoient in (he iheoreCcal study of thrs system was preserUed about 12 
year^ after Cleoieno's work (61.6^65). and the new value of calculated 
falls in the range S * Q kcal/mr>l. the computed complex nature is H-bond 
l)ke. Recently, we have ccmpuled (69) the potenUal energy surfKC ter the 
collinear Cjv approach with ab^iniuo (SCF. MFl CASSCF. MR-CaS^SCK. 
CCl and DPT melhcds. All calculao^s predict a single minimum tor the 
complex, corresponding to (he hydrogen bonded stniclure Inclusion of 
correlation correcnoos straigly inAuences the geometrical results: the roost 
affected geometrical parameter is the N-CI distance that ranges from 6.41 
a u. iCaS^CF and SCP| to 5.61 a u. iDPT-LDA. local density approxima- 
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tKW). while the binding ener^ vajm from 5.2-5 j kcaJ/noJ (CASSCF and 
5CF) Id )9) kcai/mol iDPT/LDA|. The MP2 resdi provides iruenrKdiiUe 
valiies tof both qua^Doe^. namdy D# s 116 kcal^oiol niid 5 9l lu. fer the 
N^l distance. The^ data show duJ the induficn of correladcn correcliofu 
predicis a closer interacliofi Mween the frajoients and a small lengthening 
of the H-CI boM Although the expenmentaJ uncertainty )s quite large, it 
IS still possible to obtain very reliaMe data frooi the theoretical predictions, 
for this reason we have earned out Cotipkd Cluster ccoipulations. likely a 
very acctiruce ^preach, unfortunately cooipulationally too expensive for 
medium size and for large chemical systems Indeed the NHi-HC! system 
represents teday nearly the upper limit for ils size. Titf Coupled Cluster 
bindiog ctsergy is Dn s SO kcal/mo) and the mimmum corresponds to a 
N-Cl distance of i 91 a.u. and a H-CI distance of 2 46 aai 



The eapenmenlal data by Pimentel were earned out in a Nitrogen oia^ 
tnz. and this calls for an analyses of the reaetion with inclusion of envi- 
ronment effects \ji a^oon. the system can be present m acqueous scriu- 
tions. To assess the m^uence of Ihe environment on dte reactioru we have 
performed DPT cakulaiions. using Ihe Onsager's reaction field approach 
described in Section 2. wiih a value of €^78. 5. which corresponds to the 
dieicctnc constant of water. We have determined the full potential energy 
surface ar>d found that the ion pair system becooses more arid more slable. 
the larger the N-CI distance For intermediate N-CI distances (at R(N^ 
Cl) s 6 a u ) the potential energy surface has two muiima separated by 
a very small barrier The new oiinimum corresponds to the Mulliken "'in- 
ner cooiplex"'. namely in solution, we have Ihe slabilisauon of Iwo charged 
species KH 4 and The Mulliken %ms population analysis confirms this 
picture Pig I r^ons the potendal energy stirlves for the two Simula^ 
oorts. eaeh curve is a cut of the potential energy surface for a fiacd dtstarsce 
RtN^Cl). and u is obtained by varyiog the posioon of the hydrogen atom 
lyin| hetu'cen the N and Cl atoms (see the geometrical display |iveo ui Pig 
2 ) 



The curves in Pig I cerrespond to a distance R(KXI> of 9.41. 8.41. 7.41. 
6.41. 5 91. 5.41. 4.41 au. in going, ^erly. from right to left Prom the 
Figure, it can be seen thal in the "'solvent"' ca.se. the rruruma for each fixed 
R(N-CI) distance are obtained for values of the distance ioialler 

than the **vacuum"' case 
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Figure / Potential energy curves for the reaction NHs+ HCL NHCl. Each 
curve, com (ponding to a fixed N-CI distance, i» obtained by varying the posioon 
of the hydrogen alom lying between die N and Cl atoioa, Fop: caicuUdons in 
vacuo. Softan: calculaliona in soJveni 



To mark clearly this behavior, in Pig. 2 we report the energy profile for 
a single N-Cl distance, fixed ai R s 591 au. From this figure, it is dear 
that for the "soJvenl" curve, the oiinimum occurs ai about R(N*H) s 2.0 
axi , which cone^onds to the cooiplex NK1CI~. The strong dependency 
from the surrounding of the potential energy surface for this system confirm 
a previous study |70| with MP2 reaction fidd, in that work it is shown dial 
even a solvent with a low dieleccnc constant (cicloheiane, ssnth € a2), can 
alter subsianOally the energedcs of the NHjCI sysleoi We refer the reader 
to our NHfHCI paper for full details and for a study of the reardon for 
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€ variation frooi ic 6 & )00 (69). Here« wa observe only thnl in the 
intervaJ € s 0 lo € - 10 . (he (olvenl effscl is substanliaJ^ as discussed^ 
whereas fro m 6 s )0 lo € - lOO (he effect vanes roore slowly lhal eapected 
in passing from a soJvenl nearly non polar to a sinHigly polar one 
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^ PotenUal rwr^ curves for the renctiori NHs+ HCL *4 NK 4 CI The 
mcve» are for Rit4 N-CI dislance, R(N-CI) « 5.91 au, and vajiauon of Ihe H 
posrlion^ 



We have perfonned aJso a reanJon field DPT/Moleculac Dynamirr aim* 
dation of this system We found that after an initial dok, when the com* 
pJex ORcillates svidtin the cage at R(N-H} * 2 0 a.u. and k(N-CI) 1 d.O au.. 
a sntaJ) temperature vanadon is enough for allowing the complex 10 over* 
coroe the snuJI energeoc barrier and, widt time, the distance between Cl* 
and the NH^ fragments suns to increase. ExcrapoJating to a real tolulion 
environment, (he two fragroents will be completely surrounded by waler 
oulecules, i& io a soludwi al iofinite diiuUon die Iwo ions are fully sol* 
vaied. 
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4. Tbt Li^ iun ia solution ^nd in waltr clusters 



w 



Acciirnlr thecmcdvfuifn)caJ dills for tbt jas pha^ leacticn 



fc fljO — Im'{fftO]r (24) 



have been determined espenmenudly for both positive (71) and negative 
[7i] ions since 1970 Tbe first effort to descnbe theoretically the |a^ phase 
hydcattcn of iona |73| was phenomenoJogical and ignored tbe detaUed n^ 
tore of rmlecular intecacdcn^ by treating the water oiolecuJe as a continue 
Otis Aiiid with a uniform dielectric constanu following essentially the Bom 
theory |)|. 

in order to account for the behavior of lor^water clusters at a roolecular 
levels one can follow different strategies. One strategy would be to tise. 
for the water^waier and lor^water interacUona. potential funcdont with 
parameters either empiricaJly adjusted to fit the available experimental 
data or adjusted to fit al^initio data An aJtemaiive tiraJegv would bt to 
smulaie directJy the cluster at the at^inido level. In 1972, the potential 
energy mcface for a single water oiolecuJe interacting with a cation was 
reported (74], and using those the heat of fccmation of the ion^water 
complex was determined (7$]. the computed value, 34 13 kcalAnoL was in 
good agreement with the experimental value [71] of 34 0fi kcaLhnol. 

After this computer expenmenc a great number of papers followed. 
Some of them aOeoipled to simulate with the ab^inido data Ihe propeclies 
of the ion lo soludon at room temperalure |7d,77], others |7S) atterr^aed 
to determine, via Monte Cario simuladons. the free energy, enthalpv and 
eWopy for the reaclion (74). The discrepancy between experimental and 
simulated data was radonalized in terms of the inadequacy of a iw^body 
potential to represent correctly the r^body system In addition, the ra« 
dial distribution function for the LixH 20 )b cluster showed pS) ooly one 
maximum, pointing out that the six water molecules are in the first hy« 
dration shell of the ion The Monte Carlo simulaoon (77) for the system 
U*(HjO)so predicted five water molecules in the firu hydration shell A 
subsequent MD simtJatioo (79) of a system composed of one Li* ion and 343 
water molecules at Ts298 K, with pencdic boundary condidons. yielded 
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Ae pdJt ccTTcJaticn fiUKOons reported in Pi{ 3. 




fiyhTg J and LKH pair ccerdation Ivnciica^ datanninad Inm a MD sioi« 

uladcn of a Li* sacrounded by 343 wottr cnoleciJes^ iU Ts39S K. lining 2^odv 
poernuais. 



bnegraUon of (he Li*^ pair correlaoon function (se« 4, curve 
beled 2«body) that in (he fuu hydriuoo iheU die U* i^ ^ujrounded 

by 6 water molecules 




Fiftire4. Coordinaden numter fex the water soJudon obtained frooi a Ml> 
^mdatno using 24Kdy potentials (continuous hne)« and using 34cdy potendals 
(dashed line). 






COMrUlU SCMl^TION FOR CNEMUTaL W 

The shoficonung of the pair-wise 2«body potentiaJ was eliiranaied by deler^ 
minins an analytKal fancuoo whicf) included 3^bcdy cocmliofu for both 
<he interactions ion^ater^water (SO) nnd waier^water^ water |Sl) A MD 
sioiuladco at T^29S K of a Li^ surrounded by Mi water rodecules with 
penodic bouj>da;y conditions^ with the ^body correcdcns included )^ielded 
the pair correladcn fuoctions reported in Pig S. The integrayon of the 
pair correlation yieJds the curve labeled i^body of Pig 4, where it 
IS evidem that the uo has a coordirtation niurtber of 4 in liquid water« )n 
agreement with x^ray expertroental data (S3) Recently^ we havo revisited 
once roore the Li*(HjOv clusters^ with n from I to 6. Using the 24cdy 
and the ^body interaction potentials^ we havo performed Monte Carto ge« 
oroetry optimizations for each cluster, constraining the bond lengths and 
bond an^e of the water molecules at the gas phase experimental valuea 
The results are summahaed in Table I 




Ftgurt 5 Li^O and pair correladon funclioru determined from a Ml> 

simulation of a Li^ sturoun^d by Mi water molecules, at T^98 K. using ^ 
body potentials 

Prom the ^-^i^ in TaUe I rt is clear that the potential with the ^body 
correcdons yields lower values for the inlecacticn energies, and (not re« 
ported) larger lor^waler dutartces. In addition, for rud and nsd we find, 
respeclively, one and rwo waler molecules in the second solvadcn shell, 
whereas the 34icdy potendal gives one water molecule in the second shell 
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ofliy for 



TaBL£ 1 Ifueriirticn cntrpc^ (in kcai/ml) pot 
water roolecule for the cltiAers LHH^Ov 



n 3-body DFT TBcSy DP 





&E 




&E 


M 


1 


-34.3 


-33.9 






• 


-32 2 


-3(.3 


-31.4 


-30 2 


3 


-30 6 


-23.8 


-27.9 


-24J 


4 


-28 5 


-21.4 


-24.9 


-2(4 


5 


-27 8 


-17.8 


-22.9 


-20.3 


6 


-15 3 


-17.4 


-21.0 


-18.6 



Starting hem the Mcnte Carlo ^tijnlxed geometriea^ we have p e rfon ned 
geometry opUnuzation at the 1>PT fovel Now« by delirdoon. the o*bo6y 
corrections are folly taken into account and the systems are '^e'' to re^ 
lax to their closest oiinioiunu Usng as starling points the configuraoortt 
obtained with the 2«body potential wo obtain^ per water moJecule^ the in^ 
teractnn energies reported In Table I. colaron whereaa^ using ax startinj 
poinl the oiiniroum confistuadons from the ^body polentiaL wc obtained 
the rexalts of Table L colaron 4 

Lei ux otake a comment on dte DPT resullx. Ax ii is known, all mini^ 
oilxation techniques are biased by the starting point Starting from a given 
atooiic arrangement, the closesl oiioioium is reached^ and thix ix gener^ 
ally a Iccal oiinimurru not the abscriute one^ since for xystems with roanv 
degrees of freedom it is diffKult lo overrome energy barriers. The DPT 
resultx of TaUe k cieviy point out this shortcomings. The rexuhs obtained 
tixing as starting point the 2^body potential configurations show almost 
an energy degeneracy for the citixterx with o&S and n±6. whereas those 
obtained usinj as slarling point the ^body potential configurations seem 
more realistic. 

In Table IL we repert the enthalpy of foruiaocn at T^9S 1C foe the 
reaction (24). The resultx obtained with the 34cdy potential are in goed 
agreement with dte experimental data of Ref pi). whereax those obtained 
with the 2«body potential are orJy in qualilative agreeoient (the trend ix 
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correct) Notice that, for n&5« the 24cdy yidd^ the ^aoie enthalpy change 
as the 3-body polenuaJ^ but pointed ool the (wo pounUaU do not agree 
rddi (he nurnber of water oroleciJes in the first hydration shell 



TABLE li. Enthalpv changes for reaction (34) 
(in kcnl/oiol) nt T9398K 



n 


:.bodv 


3-body 


DKT 


-EIp« 


1 


-33.5 




-32.2 


-34 0 


2 


-31.0 


-26 5 


-26.4 


-25.8 


3 


-26 5 


-18.9 


-91 


-20.7 


4 


-218 


-14.2 


-9 7 


-16.4 


5 


-(23 


-12.4 




-13.9 


6 


-110 


-10.2 




-12 1 



Tbe DPT reeulu of Table II (which incitide the zoro point energv correcliofil 
have been computed by considering the lowes valuer of the two selt of Table 
I The results are clearlv good for nsl nnd nsj, bol wronj for higher n. a 
clear indication d^at Ihe ndnima we have reached m far from being dose 
to the absolute ones. Therefore, the qtie&dcn remajns whether for nsj, one 
water molecule is in a seccnd hydration did). 

Starting frooi a Li* sturounded by S water rooJectile^ (aU in the first 
solvadon shell), we have started a DPT Molecular Dynamics simulation, 
with a tioie slep of 0 j femtoseconds. In Rg 6 we report a plot of the sys« 
tero at four different times. To toder visualize the evolution of the cluster 
geometry, we have drawn, in Pig 6. a fictitious bond tolwecn the ion and 
the water ozygen. if Ihe distance is below 2 535 A 
Irtset a) refers to the starting configuraiioru xsQ fs. with the 6 water 
osoleciJes in Ihe first hydration shell Inset b) ref e rs to t^Tfi ft. some 
rearrangement starts to cccur. especiaJIv for the left most water molecule 
At tsIlO fs (insee c)) one ion^water distance is above the Ihrediold value, 
(he water starts to leave the first hydration shell. Finally, at t&2l0 ft. 
ooe water molecule is in Ihe second hydration shell and the remaining four 
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water mckciilas assume a tettiibedncal confi|imdcn aroond the ion 




Ftgm 6 Four frm^ c( a DPT MoJemlar DyTumic^ siroiJauoo for 
showin| ihe evcriuiion in Ome of the system a) The starting configuriiiion at t s 
0. b) T^ system at t s 70 fs. c) The system at I s 110^ di The system at t s 
2l0^ 



S* The water clu^ler*^ in vdcuo aod within the liquid 



SmaJ] clusters of water owleciJes have been the subject of a large numter 
of theoreccal studies )n the last 25 yem (83^). Since the early ab^iniUo 
computations (S3)« it wat clear thac the larger (he clutter^ the larger the 
number of energeccally closely spaced energy minima For clusters with 
up to six water oioleculea^ the combirtanon of Monte^arlo oiimmizaJions 
and ab^iniUo ccmpntauoos with rehaUe basit sets, pointed out (S3) the es« 
)stence of cyclic structures, which were assumed lo be other the lowest ce 
near to the lowest energv, Uuer |S4|, the waiar clusters were revisited and 
il was confimtfd that the cyclic structures cwretpond to the lowest energv 
oiimoia for small clusters, whereas large clusters havo 3^D characterize 
tioo, Tcday, struclural and viindonal delenrurtaUons of water clusters 
are the cbyect of studies, because of the unportance of these systems for 
untkrstandin| hydrogen bonding, which in turn plays a key role on many 
chemical and biolopca] problems. Furthermore, addiuonai moovations are 
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cither the eai^tmc of expcnrocntal infonoaticn ba^d on s pectroscopic 
studies of clusten (8^91 which complement <he theorelicd caJculatjcns 
through eiperimenlah dworWeal feed^bark^ cx the developnient of modeK 
of liquid water based on the existence of discrete clusters^hke structures in 
the bulk |92-93|. 

As It IS now very well kmwn« accuriue studies of the water^waler iruer^ 
action bv meojis of al^ijuOo lechniques require the use of larger and Aeuble 
basis sets and methods which consider correlation effects (85«94^| Since 
high level al^initio post^Harvee^Pock calculaoons are urtfeasible because 
of their high computational cost for systeros with many de g ree s of free* 
donv Density Rincdonal Theory^ more econorrucal from the compsitational 
point of view, is being more and more considered as a viable altemauve 
RecenlJy, we ha\e presented (97) results of structuraJ parameters and tnbr^ 
tional ftequencies for the water clusters (H:Ov to S. usin| the DPT 
roethod with gradient corrected density functionals. 

The results obtained using Ihc Perdew and Wang (40) furutional for 
the exchange and that of Perdew (39) for the correladon, and a good size 
basts set (with three poJanzation functions on the oxygen and hydrogen 
atoro}. show geed agreement with results obtained with hi|h level ab^initio 
approaches, like MP2 and MP4. We have opomizcd 8 different structures 
for the clusters with ns? to nsS, obtaining lc<al miruma, i^. each 

^dmized structure is charorterixed bv not having imaginary frequencies 
in the hannontc vibradonal spectrum Por the systeros with K?,3,4j water 
molecules we are confident to have obtained absolute minima The tloal 
geometries are reported in Pig. 7. 

We observe the followiot trends, in the cluster's geometncaJ param* 
eters. the (VO distances decrease as the nuoiber of molecules increases, 
from a value of ?.90? ^ m the dimer to a value of A in the hexamer 
On the contrary, OH bond lengths increase (if the H atom is hydrogen 
bonded) wtth increasing number of oiolecules, from 0.9S1 ^ in die dioier 
to 1 on) ^ in the hexamer Both these trends appear to be very near to 
convergence for the hexamer, and thus we expeci no further mcdificadons 
for the^ pammeiers in larger cyclic water clusters. In aJI the clusters under 
consideration m this work, the &H bond length has constantly the value 
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of 0 971 A. if lltf H atom i\ 
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0\lhH 



not hydrogen bended. 
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Figyte 7. Minimum (eometneal confijuraiiofu for ielected water clusttra. as re* 
^ultins ^om DPT caJeuJatiens. 

Tbe bmdifij wi pes, including BS^SE nnd 2PE correcliona tor iJI the 
clusters studied, m collecled in TiiUe III. aloog wish she average OO 
distances Since for she clasters with S water molecules, the nsuntor of 
h^booda is not conatanc infonruunn on this is also given. 

As cflen pointed out. il ia appareni from she remits that nor^aslditive 
elTecLs are very important, since Ihe ressJis deviate strongly from lineoruy 
The hanTKmic vibrational data compare well with erperimensal anhajmoruc 
resulLs. when avaUabJe (see Pig S). 
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Table IIL For ttich W 3 ter duller wc report in the 
first column the number of hydrogen bonds, in the sec* 
end column the binding energies (in kcai/mol) including 
2PC and BSSE corrections^ and in the third column the 
avorage &0 distance (in A) 
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-3 53 


1.91 


(HjOl, 
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-11.71 


2 78 


itifih 
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-24 IS 


2 73 
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-32 13 


271 


(HjO )6 
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•39.SS 


2 70 


(HjOlft iCi) 
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-55 IS 


2 64*2.79 


<HiO>3 (S 4 ) 


12 


•64.06 


2 68*2.79 




12 


-6351 


1.67*2.83 







Agm 9 Computed IR frequencies for the some of the water clusters of Rg 7 
The V symbol indicates ihe position of experimental frequencies 
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PcJIcwing tfw trends observed )n scfut (eomlncal pAramlecv vibraiioful 
frequencies show dieinselve^ reguLir when pa^^iog froro souJI to J^rge 

clufilecv 

The asyoifDetrtc stretching oiode. vi^ calculated lo have a frequency equal 
lo 3T52 cm' tor (he isolated water mlecuJe^ shows an increafing red 5hitt 
with increasing nujnter of mokcules. niid for (he hexajner (he average value 
of (he six v3 irioajnolecular owdes is 3T20 cm^ Rirther7T>ore« (his mode 
looser (^on clustenaaijoru the character of "'asymmetric slrelchin|""« re^ 
suiting in a more aj>d more pronounced stretching of (he tend 

solely Analogously, the v) symmetric soetchmg mode Iriiftsforuu itself in 
a CVHta^ Mretching^ iiM reduces its frequenev horn the value of 
cm^ for (he water roonooier^ to iin average value of 3 ISO cm^^ in die 
heaamer^ ditTerenllv Itthd (he v3 roodes^ the values of (he v] stretchings 
are tpread over a large interval, while the v3 ftequencies are restricted to a 
much smaUer ringe of vaJucs^ indicaiing possibly a different degree of cou« 
pling between the vilnoons. The tending modev v2. suffer^ upon cyclic 
cluslenaaiion^ a blue fihiff of severe cor' and (he values cover a mnge 
wider and wider« up (o an inlervAl of ^ TO cm ^ for (he hexamer Analo^ 
|ous modificAlions can be found in die octamert" vibrational frequencies, m 
addition^ the hnquencies corresponding lo vibraoonaJ medes of the double 
hvdjogen dorvar moJecules appear 

Let us now compAre with the situAiion in solution and let us start from 
a tingJe water molecule In TabJe IV we tummanze gat phase and soUf 
( ion results. The DPT values show good agreement with (he eapenmenlal 
data tor the dipole moment (9S) and ffequenciet 199^100) (if we coropAre 
computed hArumic vaIucs with experimental anluirmoruc vaIucs): regard^ 
ing the geemeuy. (he value of the bor^ an^Ie it in eacdlent agreement 
with die ezpenmeniAl data [I0l|. but die computed bend length is 0£IS 
J longer. Let us now commeru on the *tolu(ion'" retuiu. i e. (he water 
molecule withui (he liquid. IS the liquid is simulated with (he reaction field 
model, discussed in secdon X we obtain a water molecule which appears 
to be slightly differenl from (he gas phase. bu( far from the ezpenmerUAl 
moJecule in the liquid. Analogout retultfi have been obtained in Ref (IQ2| 
using, however, (he MP3 method The changes with retpeci (o the gAS 
phase are m (he DPT a|^roAch OOOl A for the bond length and 4.9 ^ 
gree for the bond angle, the MP2 computations (102) report a corresponding 
value of 0 003 A and 4 2S degree 




CCMPinift SlMLJlAllOH POftCKBlICAL 



207 



Table IV. I^penie^ of the wtutr monomer )fi pha^t ajd in 
sclauoo. Di^lanccs in /t angles m < hgm^ dipcrie momm. (U, in 
Dcbyev in cm ' 



liquid ph 



ajir 



M»ph 






property 


DPT 


E»pt- 


l>FT 

solvent 


MD» 

Ta 305 K 


Eipt 

Ta298K 


d(CVH) 


0 972 


0.9572 


0 973 


0 978 


0 98« 
0 97' 


^;HOH 


IW.7 


104 52 


I03.S 


101 1 


I05J* 

102.8' 


M 


I.S55 


1S55 


2 022 


2.66 


26* 


S)'m. 

StRtebing vl 


3664 


3657 

3832* 


3653 


3626/ 


340iy 


Asym. 

Stretching 


3752 


3756 

3942* 


3732 


36W 




liending v2 


1613 


1595 

I649B 


1622 


1750/ 


1650/ 



a) RtL (9S-i02] 

b} The sajnc mcdel poctntiiJ giv^s. for the water molecule. 

d(CVH) 9 0 9S71 I HOH 9 ICM59. v) 9 3S46. v3 9 3945. vl 9 

I6U CIO ' (harmonic frequencies} 

cl Ref (103) 

d) ReL ( 104] 

eiRet |)05) 

fiRef |)06). 

g) harmonic values from Ref |99) 



The resiJG reported in (he cohiron MD have teen obtained (107) from 
a MoJecular Dynamics simulador) ai T9305 K using an analytical pclar^ 
liable aj>d Reiible potenlial. parametrized against a^initio corr^tauons 
Regarding the water gecmecy in the liquids two seLs of exprnotentaJ data 
have teen proposed (I03J(M)« bolh report a lengthening of (he (VH bond 
length, but Ref [103) proposes a widening of the bond angle and Ref. 
|ICM| a narrowing. Our MD simulation predicis a lengthening of the (VH 
bond (44)1)31 At and a narrowing of the bor>d angle (^3.4 degrees), whereas 
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iht bPT^scIvcnt and MP2^solvcnt ( 102 ) results pr^dicl ^nuillcr changes tor 
both quaniitiet. Tht dipolc moment of Ihe wnlcr mclecule within Ihe liq« 
uid changes dntiicatly. with respect to the gas frisase The MD simulaiicn 
prrdjcts a value in agreement with (he experimental data« whereas (he 
DPT^toJveru ccmpulaiicn predicts a too small change^ but in die right di« 
recUcn« a5 the MP2 method |l02)« which however gives a toe hi^ value 
for Ihe gas phase, an indteaben of basis set deficiency Let us now consider 
the stretching and bending modes EspericnentaJly (106) has been found 
an up shiA of SS cm^^ for the bending mode (comparing Ihe liquid with 
the gas (Aase) and a down shift of ^ iOO cm ' for Ihe stretching modes 
leapenmentaJly, vl and v3 are not resoJ^edi The MD simulation flOS) pre« 
diets an up shiA of 65 cm^i for v2 and down shiAs of 230 cm ' and 26) 
cm ' Ax vl and vi, respeclivelv. The DPT^solvent model predicts mo^ 
est down shiA f^ the stretching frequencies («ll and «20 coi ' for vl and 
v) respecQvely) and modest up shift (49 cm^S Ax die benduig. Again 
Ihe qualitatively directions of the shifts are correcu but quantitatively the 
results are unsatisfactory 

We must warn on the fact that in Table IV. we have reported, for die 
liquid experimental and MD results, die frequencies corresponding to die 
maximum positions of the bending and stretching bands, which, because 
of thermal disorder, are quite broaden, in addition the two sets of data 
present also libralional and cansladooal modes, not discussed here 

Within the liquid, each water molecule is both a ""solvent molecule'" 
and a '"solute molecule", at the same time, each water molecule is part 
of a network Indeed, we can view the solvation shell as a time^veraged 
representation, resulting by considering a given water molecule as fixed 
in space with its neighboring molecules libraiing around it. the librations 
are, however, motions which are transmitted throu^ the network, (n Ref 
1 109) we have focused our attention on specific pathways formed by hy^ 
drogen bridges, l,e "seructures"' which can be obtained by following a 
speciAc path once some predefined rules and constraints are selected At 
each time step in our simulaiioo, each water molecule belongs to a "cyclic 
structure", which is defined by (he following rules: starting wuh one of die 
two OH bonds, one moves to the nearest hydrogen^bndged water, then to 
the next one, sussing the condition that among difTereni pathways ooe 
selects die one which will close the pathway on the starling water molecule, 
Notice that "by constnicoon" we search for "cyclic structures'" purely on 
geometrical grounds, neglecting both energetics and lifetime conditions (for 
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thi^ rta&on. 4^ hav'e u^d the oJd nc<£iJOfi '"hydrogen Injge'' rsther dun 
'"hydrogen bofuT") In the above seleooon mk« <he opewonaJ definition 
for the eautence of i hydrogen bridge n dul a hydrogen atom mu^t eai^l 
between two oxygen Alom In the search nnd coiinl of the poly|oru. we 
coiinl ^ possible dosed circuits elioiinaong^ however those large poJygons 
which coolain all the aioms of sntaJI ones. 

We have carried out a detailed anaJyss for studying die abondiince 
and stability of Ihe cyclic strucnires^ in hincoon of the lemperanire (109). 
Our study predjcts that at aJI temperatures die live oiember nn|s are 
ihe most abundanu fcrilowed by the & 4. ? and ^ member nngs. The 
lifetioie of these polygons is very short and with almost no leoipecanire 

dependence In addioon. if we analyze for die cyclic polymers 

the average 0^ distance as a furution of temperature, we found dial Ihe 

tnmers have ihe largest CVO distances, followed by the letcamec^ and then 
by larger ptriygons. Whereas for Ihc tnroecs the djstance remauw almost 
constant for aU die lempecatores^ the 0-0 distance of the larger polymers 
have a sirons temperature dependence, wluch approaches the value of ice. 
Comparing these dislances with those of the clusters in gas phase (see 
Table UJ>. we lind for the trimers in the liquid an avemge 0^0 distance of 
2 90^^92 of the saroe order than the gae phase Larger differences are 
found for the other clusters in the gas phase the distances are )n die range 
2 63-2.77 i. in the liquid phase 2.77-2.87 A. 

Lcl as now aoalyxe die vibrauonaJ spectrum. In Pig. 9 we report 

(for TsO05 K) the density of states for the full liquid water son^c (curve 
marked as total) and those belooging to three-. four% live- and sx-meoiber 
polygons within the liquid. The dotted vertical lines in Fig. 9 refer to 
the stretclung and t^ndins of the gas phase water molecule As evident 
Irom die figure, for all polygons there as a red shift for the Mrelching fre^ 
quencies and a blue shift for the bending Irequerscy. but no substanoal 
difference ftom die total sample. In odier words, within the liquid, the 
water mcriwules belonging to a polygon of a |iven size are equal to those 
belonging to a smaller or larger polygon This is contrast to tbe Endings of 
Rg 8. 

L^t us now build up an imagmaiy liquid formed by the clusters of Pig 7. 
The IR spectrum of such a system is reported in Rg lO. where die verti- 
cal dotted lines refer lo one sio^e roolecule for the gas phase. As for the 
daJa in Fig. 9. we observe a red shift ftir the stretching frequencies and 
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j blue fihift <he bending Notice dul we ciirmct ccoipare the absolute 
intensiliet of Pigs 9 aid )0. since die former refen to Ihe densnv of slates 
in art»lraf^ anitt and the lader to the simuJated IR spectrum: with this 
in roind we can only compare die frequency posidceis. In Fig 10 a set of 
frequencies fall in the saoie region as the asymmetric sirelching of tbe gas 
pha>e water molecule This feiuure is absent in du dau of Pig. naoiely^ 
for the cluster in vacuo^ there are free hydrogen atoots not preseni in the 
polygons adlhm Ihe liquid 
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Pigurr 9 bensily of states of a water sample^ referring to three*, four% five* and 
sis*oiember polygons and to the lolal of (he sample (from top to bortomk as result* 
ing from MD simulation^ T^305 K Dotted lines indicate vibraoonaJ frequencies 
for a single waJo molecule in gas phase 

NVe have also analysed Ihe liquid in lerms of 3^D clusters^ and we 
have found dial die most abundant struclurei^ for all the considered tern* 
peratures^ are those in which one water molecule is hydrogen bonded to 





OCMTCJm EMULATION P0dCKE3.0CALSy^£MS 



211 



fotir additicnAl wattr moJcniles (utra^coordinaticnX foJIow^ by (he (hree* 
coordinaliofi and pentA coordination. The h^etioie of the tetra<ccrdinaled 
water molecuies is (he lor^^es (on the order of the picosecond) For these 
3[>clusters we repoci in Fi^ ) I ihe density of suue« A|ain. the curve 
labeled a& lolal refers to Ae full son^le and the venicaJ dotted lines lo the 
water moJenile in phase. The curves labelled as Z3.4. aj>d 2 belong co 

water molecules bi% three*, letr^ and penla<oordinaJed Notice that now 
we have diiterences in (he stretching report of these spectra In particular 
the bi* aj>d three-coordirtaled water molecules dww frequencies close to the 
ps phase vaJue. 




10 Sioiulated Ik spectraim of a liquid deemed by (he water clusters of 
Fi^. 7. as resulting from DFT cakulalioru Dashed lines indicate vibrational fre* 
quencies of an isolated water molecule. 



The resuJlinj overall picture of liquid water is that of a very dynamical 
''roacrDmoJecul^" system, where clusters of different size aod stnjcnire 
coeaist in different subvoluoie^ of (he liquid and each has charactensOc 
hfeUmes and specifre temperature dependences. In our opinioru if we would 
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regard Ibe liquid ^ fofuied by pclysofu (equivalent tc (hose mo^l stabJe 
^tniclures found in the (as phaje|« then we would have a liquid more stadc 
in tune« (be only freedom a^sc<iated lo the mdividuaJ water moJecule^ 
would be mler« and inlra^cnolecular vibraijon^ and hbroiion^ with limned 
translational pcssibilides. Therefora^ by conaiderinj water as a liquids one 
5hodd favor (he duaiera^ whereas water as a solvent can nicely 
use of "polyTners"' as bsulding blocks to build cajes ajound tbe solute. 




Fig^e ll Density of stales of a water sample. refemn( to rw>. thre^. tetra^ and 
penUKOordinated 3D clusters and to (he tolal of Ihe saoiple^ os resiJUng from 
MD simulation. T930d K Dotted lines indicale vitrational frequencies for a single 
water molecule in gas phase. 
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6* DNA und haLSC*paii> 



IntennoJecuUf ifiKni£Uoos pJav a dooiinant role in the stmeture and dy« 
fUfDic^ of DNA |II0|. Among these intennolecdar ifuetscuons^ the hydro^ 
gen bond^ between ba^ie pairs are of interest sirue represent an iMerrnediiJe 
step between strong inoamolecular bonds and typically weak inteeiDoJec* 
dar interactions. In addition, even if ihe stability of the DNA and ftNA 
hdixes IS mainly due to sterK. dispers^e and eleetrustatic inter^clions. ihe 
hydrogen bonds protndr the specificity needed Id achieve high levels of fi« 
deJily dunng replication and transcnpQon Therefore, the understanding 
of these interartions is most important (I ) 1 ^ 1 13). Il is very well known that 
quantitative determination of die struenire and binding energies of the pair 
bases are computaJionoJIy very demanding (11^116). since high Ieve4 dec« 
tron cwrelaoon correeUons. associated with basis sets of |ocd quality, are 
required to obtain a proper description of both the structure and binding 
energies of these systems The use of correlated methods has been often 
limilcd to smgJe poinl calculations of structures optimised at a lower level 
of theory, i e HF However, it is well known that the Hactree^Fock geome^ 
tnes can deviate considerably from esfcnmentaJ results in gas (riiase: it 
is necessary Id perform post^Hartree^Fcck geometry cptimizauons to ot^ 
tom niore satisfactory agreement with the ei^erioientaJ structures [) l?) 
Here, we r^oct simulations obtained with the DPT for the snidy of the 
stcucluje. binding energy and infrared spectrum of the and A^T DNA 
base pairs, and we compare these results with those obtained with al^initio 
caJculaoons (HF and MP3) and with available expenmentaJ data 



6 I GEOMETRIES AND BINDING ENEJ^GIES 

FuJJ geometry optimiaaiions have been carried out f^ the 9«mcthy)adenine 
<A). I^mediylthymioe (T). I^roethylcytosioe (C). and 9mthy1guanine (G) 
bases at bcch ihe HF and the DPI levels, using double aeta quaJily ba« 
SIS sets augmented wnh polarization functions for all 0>e atoms The two 
methods yield similar results^ the main difference is in Ihe heteroatom^ 
hydrogen bond lengths, which are syslemadcally longer m the DPT caJeu^ 
lations. In addition, compulations with Ihe re^tion field method have been 
done at the DPT level All the DPT calculations have been performed both 
wnh (he Perdew and Wang exchange functional |40j and with die Becke 
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functional (42)« lin botfi case« the Pcrdew comlaOon fuiutional 
(29) has bttfi used) Since the rwc fuorticnais vielded essentially the 
toiigt of values^ in Ae TaWe^ we report only Ihe values oblamd with Ihe 
ESecke eachaj^ functional. 

The tecroetry ^dmiaaticn of the ccoiplexes AT iind CG (depicted in 
ll\ reflects a more delicate issue than the single bases; a reliable de^ 
teeminaOor) requires perfmiing the cptioiixiUion with osethods which take 
into account the cocreliuion erwrgv. 




/Vpirs/2. Methvladenine * Methylthymine (AT) and Methykytosine * Methyl- 
guanine (CG) base pairs The dipoJe osoroents of the isolated basei and ol the 
base pairs are aJsc dwwn 



A corr^arison of the hvdrogen bend lengths obtauted froro the DPT 
and HP methods^ and from X r9y% experimental data (IIS-I)9| is reported 
in TabJe V. 



CWKnU SIMUL>nOM mO^EMICAL 



235 



TABLE V. Opusu:^ hydrofea bonds districts for dtt AT iod CO coov 
pbus (A) 



base pair 


Bond len^ 


HF" 


DFT DFT-»olvenl 


Ekpi* 


AT 


nN604) 


3£S 


3.00 


3 01 


2.95 




ftNlNJ) 


2.99 


192 


292 


2.82 


CG 


f(05N4) 


2.92 


233 


284 


2.91 




r(N]N3| 


3.05 


199 


298 


2.95 


1 n./ 1 SI 


r(N202) 


300 


2 91 


290 


2 86 



It can bo seen that the DPT mthed. which 3ndu<ks the cocrtUiiofi 
energy contnbtioon in the cptioiiziiiiofi processes, yields an cptioiued (e^ 
coieo^ closer lo ihe expenmentiJ values than ihe HP ^tuniaation. The 
solvent effect has a roinor influence on these geometrical pararneters, at 
least in the reaction ftdd approach, the conTputatiens do net evidence any 
si|niftcative effect on the hydrogen bond lengths, the only observable change 
IS in a slight shortening of two hydrogen bonds in the CG pair 

The tnteraction energies for the AT and CG cooif^aes have been eval^ 
tiated at the HP level using the HP opdmized geometry, at the MP2 lev'd 
rising the HP and the DR" opdmized geometiy and at the [^T^reaction 
field opdmzed geometries. The interaction energy has been evaJuated as 
the difference 3n the energies of the optimized complex and individual bases, 
i e. 



A£= F[Yl^ <25) 

The corrections for basis set superposioon errors (BSSE) with the coiu^ 
terpoise correcdon are adli a controversial issue |I2(V123) However, some 
type of correction u needed for caJculadons on systems with weak inter^ 
actions. It has teen proved that only considering ihe BSSE meaningful 
mults can be obtained on large sysleou (I22|, Of course, by using good 
quality basis sets the BSSE u; less troublesome and the reculLs obtained 
cao be accepted, readily, as reliable. The BSSE in DPT calculations is 
leu important than in convenUonal ab^initio calculations We compsue the 
counterpoise correction as 
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BSSE * £(X) + nr> - £[Xir>] • £( nx}] (26> 

whetT iind £{X|yO) fcpfcseni the energies of molecule X at the 
groinrlry of the optimized complex^ computed with itt own basts scl and 
ihe batis set cf tbe whole complex^ respeedvely The corrected interaction 
energy can be wrttteo 4s: 



A£wi. * A£+ BSSE 



(27) 



tn order to compare the computed results with those obtained from 
the espertnieot^ tbe interaction enthalpy at 0 K has to be evaluated. The 
3nler3ction enthalpy. dt(Ten from the AE by Ihe change in the zero 
point energies. AZPE^ between Ihe complex aod the isolated subsystecDS 



AH =AEk,^ + AZFE (281 

A summary of our results is given in Table VI At the HP optimized 
geometries, the CG interaction ersergy corrected by and AZP£ iv 

close to ihe experimenlal value, while tbe AT result is too low. The MP2 
results for both pairs are \ery good, however this must be considered a 
fortuoate coincidence, sioce we found incortsistent intennediate results: a) 
negative reorgaruzaiion eoergies for G and T (the reorganization energy it 
defined at the difference in energy between the base in tbe geometry of the 
base pair and of the isolated base) and b) energies at the DPT geometry 
lower than at the HP geometry, an indication that the HP geometry is oot 
a minimum for MP2. These two observations indicate cleariy that the MP2 
lowest energy configurations are far from the HP ertet and closer to tbe DPT 
geometries. Performing MP2 cakulatioos at HP optimized geometries is a 
very common procedure, but in this case our calculalioos point out that 
even li the results appear as good, the validity tbe whole procedure must 
be analyzed cniically. 

Let us now consider tbe reaction field results, it can be seeo tbat the 
solvent elfect on the energetics is to reduce the strength of tbe bonding, 
for botb the base pairs. Tbe binding eoergies for AT is reduced by 1.5 
kcal/mol. More pronounced is the change for CO binding energy, which is 
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reduced by TS kcai/iMl These chui^es are due lo <he ditterenl solvadcn 
energies exhibited by the isoJated baeet aj>d by the pairv that it, the soh 
vaticn energy of a pair )s ioialler than the stun of the aolvation energies of 
(he isolated bases. 



Table VI, inlecacxicet eoerpes for the AT and CC complexes 
evaluated with ditterenl techruqtm (in Lral/nvaJ), 

MethceJ JT 



HF/HP 

HF/HF^ 

HF/HP 

MP2/HP 

MP2/HF* 

MP2/HF^ 

MPl/WT- 

MP2/DPT* 

MP2/M^ 

DPTI^FT* 

MT/DFT* 

bprnypT' 

DFT scrfv/DPT soJv* 



11.7 


26.1 


95 


23.5 


6.6 


195 


17J 


31.8 


15.5 


25.7 


12.6 


217 


17.8 


32.1 


12.3 


25.3 


94 


21 3 


14.1 


26.5 


13.1 


26 4 


10 2 


22 2 


126 


190 






t*P> ' 130 110 

* Result oUuned u(iti| oficniJznl fn|inent etwf^fs 4^ [T 
^ Results obtained including BSSE <Eq 2) 

' Results obtajned includiog BSSE and the estioiadon of the 
change in zero point energies given in Ref, [lid], 

^ Re^ [118^119), 



Since one roayor coropcnent of the base pajr interactions is of electro 
sotk nature, dipole oioroents were calculated at the HF and DPT levels for 
Ihe isolated fragments and the complexes (Table VII) By proceeding from 
the isolated bases to the base pairs there is a change in the magnitude and 
direction of the resultant diprrie moment The HP results point out that for 
the CO pair, there is an increoiem of 1,42 D (2T,d 4) and anHation of ll,l^ 
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whereas for Ihc AT pAir« a decrement of 0 49 D (18.6 %) and a rouunn of 
30.S^ are ob&erved. Tbe DPT cofnpuuJiofu yield equivAJent magoitude^. 
The magnitude changes caiukk be aeccunled by chiirge tranafier effects In 
fact the MuUiken population analysis dwws that upon formaiiofi ot the 
CG pur. diere i^ a nel chiirge transfer of only 0024 e* from cylosine to 

guanine In ihe AT pair die charge transfer is COQi e* from adenine lo 

thymine. According to the differences in the dipoJe moment orientations 

(Pig 12) from the individual bases lo the complexes it can be seen that 

die binding energy is nol determined simply by dipole^dipoJe interactions, 
but also by induced dipoles * induced dipoles interacUon^ therefore polar^ 
izaiion effects seem lo play an important roJe in the base pairing. 



IncUisioo ot the reaclion field melhcd gives the sane picture: indeed, 
the dipole moosens are simply enhanced in magnitude, but their onenta^ 
lion is not changed, neither in the isolated bases nor in the pairs 



TABLE VU. Calculated dipole osoments for the in- 
dividual bases and the AT and CG complexes (in 
Debyes} 



Molecule HP DPT DPT-solvem 



Adeiune <A) 


154 


2 68 


3.62 


Thymne <T) 


4.88 


479 


6.08 


AT 


215 


161 


2.31 


Cytosine <C) 


6 76 


6.21 


800 


Cunfune (G) 


7.41 


7.33 


9.85 


CG 


6 55 


6.34 


9.63 



6 2 VIBRATIONAL ANALYSIS 

The harmcnic vibrational infrared spectruoi of Ihe four bases, as weii as of 
(he two base pairs, has been calculated at the DPT and DPT-solvem level 
of theory by finite difTerenliadcn of the forces acting on atoms along Ihe 
normal coordinates. In the folloH'ing. we bricAy analize the restJes. which 
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are paruliy sketched io Rga 13^16 




Pigtf^lS Selected fre^iiency assignments for meth)^Jadenine« tcth in complea 
(top) aj>d isolated (bottom? The vauies of the shifl due to comfriesaticn are also 
gjven 

In generaL wc did fosu>d scoie difTicultiea in the a5si2omeoLs of the 
nodes^ pacoculariv of the lo^v^frequencv ones 

For the isolated 9*methyliidenjne (see Fi(. 13)« lar^lv reco^ruzable are 
the ssreschinj and bending modes of the amino group« while mcdes of the 
CHv group are usuaJly costed with other vibradons. The companscn with 
values obtained with specrroscopic measurements of infrared spectnim in 
Argon moiria (12^1 shows substantiaJ agreement for aU Ae frequencies. 
Major discrepancies between caJculated and expenmentaJ values are found 
for (he asyoiroetnc stretching frequencv of the ammo group. 363d co ' 
(calc ) vs. 3553 cnr^ (exfe l poa&ibly due to malrix effects, and for 
some low frequencv oKxles. whose assignment is particularly diificull and 
for which the harmonic approximation has a limited validity QuaJitadve 
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AgT^fwtfni fouj>d aUo for the relative inlensitie^ 







Fipm Selecled frequency i5;8isnmenls for mlhyltttyoim. iMh )n con^lex 
(top) and )sdated (bottom) The valuer of the shift due lo complex^tioo are aUo 
given 

Also for d>e isclaied l^nethyllhyoiioe {itt Pig 14) sub^UAtial agm« 
mem with expenroental resuica (I24J25) is found 

The vilndcoal specUufo of the methyladenute^methylthymine (AT) 
ba5ie^pair consisc of i02 normal mc^5es ftequeocies; many of the intraroolec^ 
ular modes of ihe (wo isoJiUed molecules are reccgnizabJe in the con^lex 
k IS (her e fote easv to report the shifts suffered by these owdes m the com^ 
pJet formadcn Here we osenticn onJy some of the shifts of roode^ belonging 
to atoms involved in the l^bondins of the complex. The NH; stretchmg 
mcdes of adenine show a red dtift and an uscrease in intertsily. whereas Ihe 
frequeocies related to the NHi bendiogs change linle both in position and 
)nter\sily As it is clear from Fig. 13. aJJ the oiodes invcriving displaceosents 
of the aimnc^grcup are affected bv complexiUion effects A sharp red shift, 
from 5l5 cm ' to 359 cm^t^ evident for a nng deformation mode, which 
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ckafly rggiifd^ displactcnent of the N) Alom invdved in h^cndifij 

For ihyoiiw, the oiM pronounced Aifl belongs co Ae HH stretching 
jftodt, whose Irequency pa^ition is lowered by 700 cm ^ upon compJexa^ 
Oon nnd whose inlensitv increases bv a factor of 40 The C40 sirelchiog 
(coupled with the NH bending) is red^slufted frooi 1678 lo 1651 crm^ while 
Ae NH bending is nolablv bhie shifted (^126 cro ') with an increase in 
intensicy^ the same trend is evident whenever the NI4 tending is coupled 
with other OKxles. A pictorial view of these shifts is reported in Fig 14. 

Aldioogh very well resolved etpenmenlal infnred speclm are availabJe 
for the melbylguanine molecule, it is difficult to nuike a companscn wiUi 
our calculaoons. since rwo ditTereot taulomers of O^melhylguanine etisu 
and their frequencies are mixed in the expenoientaJ spectra |)26). However, 
in general we can stale diat ihe agreement is good, even tor the rdative 
intensities. The spectrum is partially reported in Pig. 15 

The available experimental data [127] for the l^melhylcytosne base 
agree wnh our resuJcs The speclnim of the Isolated base is partially re* 
ported in Fig. 16 

The vibrationaJ speclnim of methylguanine^neth^cylosine (GC) cor?^ 
plex consists of 99 normal modes ftequencies. DitTereoUy from the AT base 
pair, in the GC complex ihe normal modes of the (wo bases are coupJed 
together, thus ao analysis of ihe sluft relatively to the isolaled bases )s 
exlremely complicaled. This stronger coupling can possibly he ascnbed 
to the presence of three h^bonds. rather than rwo as in AT. However, we 
tentalively discuss some figniRcant shihs. 

In guanine, the amin>grDup aayoimetnc and syoimetnc stretchings ex* 
hibit red shifis and increase in intenaicy The shift is more pronounced tor 
the symoiecu stretching, which is coupled, as in in the isolated base, with 
the NH stretching. The CO stretclung. which cccura at the same fret^ucruy 
as the NH bending, shows a oiodcraJe red shift, while Ihc NH tersdins 
associated with NH> bending exhibit a blue shift 

Also for cytosine, red shifts are detected in the NH^ slrelchiog and 
bending modes. Ring slrelchinp and deformations, involviog the CO vi* 
bradon. sulfer lirtle changes with respect to the isolated base (sec Pig. 16). 
In the overall, the cooipuled frequerwy shifis are ui agreensent with the 
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Fsfm IS. Sdccted frequency as^i^ment^ for niethyl|U£ninc« both in complex 
(lop) and isolated (bottom) The valuer of the shift due lo compleastion are also 
given 

Let us now cerrunent on the rvsuitt obtained when including solvent 
effects The geomeincal arrangements of the isolated bases are not heavily 
affected upon solvatioo^ thus we can expect a sli^t modification of the 
potenbaJ energy surface and therefore of the vibrational behavior for these 
systems. Indeed, it appears that only some stretching modes exhibit sig« 
nificant shifts, pacoctilarly when they involve rrsovements of the peripheral 
atoms 

For the isolated methyladenine. we observe blue shifts tor the stretching 
modes of the aminc^group (+25 cm ' for d^e asymmetric stretching. +46 
cm' for the symmetric stretching), and also for the stretching mode of 
the CSO (+56 cm and for an asymmetric stretching mode of the methyl 
group (+S9 cm^') Por the isolated methylthimine. the changes are more 
modest than for methyladenine. resulting in a slight blue ihtfi for some 
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^trvtchins modc^ of the two methyl jroup^ and of die C6H bood. 




Figure !6 Selected frequency a^i|nmenl& for melhylcylotine^ bodi io complex 
(top) and isolated (bottom). The vaJoes of the shift due to coopJexaden are also 
pven. 

Isolated methyljuanine exhibits red shifis in the frequencies of some 
stretching modes, rather than blue sbiAs. the CSH stretching mode exhibit 
a red shift of 29 cm ^ and the symmetric stretching mode of the methyl 
group IS red shifted in frequerscies by IS co ^ A red shift is also evident 
for the C60 stretching and NIH bending, with its frequerscy lowered by 
39 CO ^ Methylcytosine difTen from the other bases, indeed, the solvent 
effect induces strong modifications in the normal vibrational frequencies. 
The amino group symmetric scretchiog exhibit a blue sbiA of 90 cm and 
the CSH hood increases its stretching frequency of 100 co ^ while the 
methyl group shows a blue shiA of 92 cm ' in its symmeinc stretching 
n>ode A red sbifi of 32 cm ' is suffered by the C20 stretching mode. 

As previously noted, we are of die opinion that, in the overall, die shiAs 
induced by the solvent are in the correct directierts. but wc must be cau^ 
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tious in trying ccficlufiioos fnm thdr ab^oJulfi values. 
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1. (ntr<idii(;li<»n 

In dii9 dtspwr, si^ giv« a brief accouni of two Klaiod aapecK of clMiDtca] 
reactions in solutiotv ilie so^aUrd "rtocbastic* theoreticaJ jpptoa^ to tbe rater of 
reactions and rclaird feaurer, and Molociilar Dynamicr (MD) comfxiur simiilaiiotu; 
derigtKd to ten rudi UMOties aod to oitwn*jre provide inri^ on the reaettott 
dyeafom. 

By (he teno "noebasik* we mean berc dut the reaction description is ai a 
reduced level that is, ie (emu of a dynamical equauon(s) of moiaoit for only ooe 
variable - 1 e , die solute reactive coordinaie - or perhaps two - the solute reactive 
coordinate and a coupled, collective solvent coordinate Such equations have a 
probabilutic or stocha^ aspect due to the flucmauons aruing froro du renaieing 
aod sot explicitly followed degrees of freedom (of the order of a multiple of 
Avogadro's eumber in nuiDberU. MD simulations, on the other haod. ireai explicitly 
— albeit nunurically— all the system degrees of freedom (classically) le full detail 
The latter tells us all there u to know <wiib the very irtiponant caveats that the 
loteracuon forces arc koown — a focus of much of du rest of this book — and that 
classical macbanics is a sufficiently accurate description) Hie stodiasuc approach 
has tbe more modest goals of providing a simpler — and in favorable caaes — analytic 
description of limned but critical aspects such as du reaction rate constaot and 
reaction pathways, this is an especially attractive feature in connectioo with the 
leterpretaiioe of experimenis aod — more pbilosopbically — in bnegieg order and 
gene^ity leto (he vast and neb array of chemical reactioo dynamics for specific 
reactioe systems 

tn the limited space available, we make so pretena of providieg a compee* 
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hettfjve kovcrsgc, and jndsd «e ^ve a very focuMsd diccuision, largely focu&scd 
on CroU'Hysn itwory [l^| and MD Mcnubuons CMsecud witb it In addition 
K die ofivtous rationale of ou faiiuliariiy «iUi dwM loptca, «e cae offer die 
jurtificauoe iliai Groie>Hynes dwory \s dv iDon eiKcerrAJ dwory for aoluuoe 
reaction rater. » judged o6|ectively by nr confinaauoe le a vaiy coniiderable 
niiiDber of rnnuJationr for a very wide array of elwcmcaJ reaction typer and exanplar 
[}*|}), widi eiperunemal rupport or well [)3>16| 'nwne iniereried lo a broader 
overview and alternate approjcliis may coerult a eumter of reviews [1,3. 17, 1 8). We 
also {dcur exclusively oe charge traerfre teocuoru, wlwre there is often a moeg 
electrostatic eouplieg between the reaciering solute and tbe surroundieg polar rolveni 
Ofeourre. CH theory bas importaot antecedeeis Hie first ir the well known 
Traerition Siatc Hieory for soluiioo reactioo rate coortaois k**' (1,101 Wnh iih 
exponeetial activotioo ^e energy factor, k"^ is die starting point aivt indeed ir dw 
aSw JM, of reactioo rate theory — it giver most of the answer GH dwory 
addrerter die props pre^cior fw k”', or alternately stated, the iransmirrion 
eoefficiaet, wbich accooois for rolveni dynamical effeeir rerponrible for reducing die 
actual rate eonstaot frwn its k'’' approximation Tlie firri — and fs maoy yrars tbe 
oely — siochartic approach lo ibis factor is Kramers Iheory [20], which rmployr a 
rimple Lsigevin eguaiioo detcripiioo involving a fnctioo constant to account for die 
dyearoical rolveet rate lofluence. GH theory gensaJizas this to a Geosaliied 
Langevin Equation description, and ir properly focussed on ibe key nhon moleeuJs 
tifoe rcak le which die system ir crossiog die iraorition riaie Another theme of ibis 
chapter is that of oonei^uilibnufti rolvation — the feature that die solvent is out of 
equilibrium with ibe reactieg solute duruig the Traeriiioo State paerage. an aspect ooi 
included in eonveetional Traorition Stare Theory Various itiode) elaborations 
focussed <m oooequilibnum solvation arwl related to GH theory have been developed 
[ 21 , 12 ] to cnore completely characteriie important detailed a<p4cts of what is 
happeniog to the rohne aod rolveet during die teaciion Ihere efforts received an 
important iniual encouragetDent from the work of Kura and Kure |23) 

Tbe ouUiM ofdie chapter is die followieg In See. 2. we give an overview of 
CH dwory and various importaot linuis, as well as an ovrrview of its applicauoru to 
axsoned charge nansfer reoetioe elasas lo Set 3, we sketch a model developroent 
that IS quite useful to coroprehendieg die meanieg of GH dieory. Vanous MD 
sifiiulaiioo studies on rraeuoe dyeamics are described id Sec 4 from the perspective 
of the preceding secuona Sec S sketches sonw odwr relaied developmeeis, while 
coodudieg reiuarks are offered in Sec. 6. 

Tbe reader interested in a funbet discussion of coeoections of reactioo rales 
K the topic of solvation dynaroics — an arena of intense activity — is directed to Ref 
2 d, upon which die preaet ebapser is panly based 



2. Sl«<bastic Keaclion Rate Forenniatioo 

2.1 CLASSICAL PARTICLE CHARGE TRaNSFER-GROTE-HYNES THEORY 

We begin by giving a tetef account of GiQte>Hynes Theory ( 1 ,2j for reaction 
rale constants. This theory has been venlied for a very wide range of solutioo 
rcaclims via computer sioiulaDon [3>l2| and has aJsc proved useful in con^anson 
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Mib exp<rjftiHtul rale siudin | !}• 16). 

GH 'nieory i«s< origjnaUy developed lo describe etiemcal reactioiu ie 
soluitoi) involving a daeeieal eodear soluie reactive coordioaiex Tbe ideniiTy olx 
vvill depend of cooree on die reacuon type, i.e., n wiU be a aepaeiioe coordinaie is 
ae S-l ununoleetJar iMuzeiion aod an asyTiuneirie si/etrb le a5vS.2 duplaceincei 
reaction. To begin our con&idcraiione, we can picture a reacuon fret energy profile 
in the solute teacuve coordinate x calculaied via ibe potential of mean force G„(ii — 
ibe sysiein free energy v«two itw aysiem is equilibrated at each fixed value of t. wbicb 
would be die output of e4 equilibrium Monte Carlo or Molecular Dynamics 
calculations |2S) or equJtbriuiD integral eguadoe methods |26| Auendon iben 
fc«usscs on the bamer top in this profile, located ai>* 

In die GH theory, it is assumed that ibe reaction bamer is purabolie in the 
neighborbood of x* and that the solute re^ve coordinate satisfies a gesieralized 
L^ogevin equation (GL£). 

m • “te I (2.1) 



where a tandoro force teno wtucli is not easeetial for our purposes has been ignored. 
It IS convenicet — and we have ie feci already assumed this in <2 1) - to tbe 
barrier top location x‘ to xMl The square cquilibriuiu barrier frequeocy is 
goveraed by die mean potential curvature 




(2 2 ) 



Ihe tifoe dependent fiicuon coeffieient per solme mass u, is related lo tbe 
fluciuatiog forces eiencd by tlv solvent on the solute coordinate x through ibeir tuna 
correlation function' 



<(0 ' ’ . (2 3) 



Tbe GL£ aecouois for die crucial fact that tbe tiioe scale of these forces is finite, ani 
10 particular, finite on the relevaet tune scale for die barrier crossing This is an 
importaot point lo which we renim preseeUy 

We should stress that dv frKUon in (2.3) is that relevant to the barrier top 
vicimry, aod indeed the eetire description is assumed to valid injust that vicieity 
This is not at all mcoosistcm with, a^ iodeed it recognises, tbe feet ibat this friction 
can be different from tbe corresponding frictions relevant for reactants and products; 
for ebasge transfer reactions, this is most obviously a coesequence of die feci ibat the 
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&oliltl^ diwbuiiofid an diffarstt la ctM i^ctt Idcauo^s 

Wftti (lx aj^unptiorti <ktukd abov< tJx n^ti^ vaAanuasioci coetTxxH^ 
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!«.. ihe /atio oftlv Kiual nu cotuUAt (o jia T/u«jcjm Stai« Huoiv <T?n value. i< 
foubd to be Uw ratio ofOie Kachve Ircqiiefioy Xattf the loean lamer Ireqiimcy |J^) 

Hue Mlf*coo«isteai e<|>ijUoii has a aimfite fiKuagc tlv Klevaeii Irjciiofi lor 
the mcDoo L ietereuMd l>y tlv iL^pbcei fieqiKocy eomporvru of the time 
dependent frktioo ai the re^ve fie^utAcy L. Thia fiequenoy sta tlw basic time 
scale for Uw eucroacopto evuus atfemug k 

Tlwa IS a simple route to the middle eqtiatton for Xio <23) e.'hKh belpa lo 
iinderataftf X Wo look for a solution to theQLE |2 Ij of ilv fonn i|t) - eap (Xi) 

r » X/w^ : 

A . c-l, tA‘fa« ' : 

ta) > r Jiaip ( AO c(rt . i2 5) 

Jo 



lefleciins tbe lortger ome divergeoce of a vajectoiv a«ay from the uitsiabK barrat 
top Ipsenofi of Uua loto <2 1 ) lives joei tla desired reauJi for KymptotK timet 

Hie TST ran coostant lo f2^i refers to tbe cooveruiora] soltiiion applicauoi) 
o> TST 10 wlueh it it iieaiioed tXat - even if it ts noi eapliciry stated - 
solvauoo cooditioAS ho(d |JX2J^). Hiis is equivaleot altlM>ii|l) perlaps not 
obviooaly, to ptnuiuii the teaerioei as paea^ over Use eqtiilibraKd barner in x 
wiihoifi any reoroasiog. (Xli uuUcates that these e^uilibiium eondttiooa wiD apply 
wbeo ibe t coordiaaK vetociiy la so lo*. and the fetierabzed friction due to the 
(ouptini of K to ibe aolveet is so snal) that ihe solvent can yja<i sofficieotly rapidly. 
14. adiabuically to the z tiaotion lo provide the equilibrium aolvauoo tlw ts 
ibcorpotated lo Uv e^tiibbriuiD bamer frequency, bat «ich no ftinber effect In the 
perspective of (2S>, the reacuve frequency X would then be Uk eqtiiUbnuiD baerw 
frequency w^ Wbeiber tlwix condniont ve dually met, so that ihe retauous k = 
k^' and thus isl sviJI hold, will depend on the time scale of the solvation dynaiBKS 
and Uv coupling of the solvem to tbe reactive solute coordinate t 

To appreciate this latter pooii, we consider four iiopoetani limns for the QH 
tlKory [I.2I.22J. Pirsi, if tbe ^usmesu of il>e solvent is raptd on the tiioe scale of 
X iben the freqoency depeadeuce of ^(X) can M safely ignored, and the QH 
eqoatiocK reduce to ilv famous Kramers 'nwoiy result [20] 
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la «')ucti ZKio &«qiKxy &kum. or simply ihe fncuoa cotuunt js 



m • C • ‘ f* <* <^F^n6> . 12 7) 

Jo 



lf(ti« majiiiiudc of Cm mIkc; coupling to tti« <olv«ai is lar^, gsuged in Cm Knmm 
pictiift by » I. ilv uafisau«&)on coefTKiou will be lo« - K - o>w. is 

caised by eittnsive /ecrosfing of cM bonier inductd l>y tlv solveot &kuoo 
E quyakoTly auied, tlwre u cxieorive spaual Mnequilibnum ikparuire Iron 
equiUbjnim solvauon condiUons In this liieii ibe teaoiion coo M desented as a 
apstia] dilAxioo-conirolled passage o«u ibe baniet - Uv SiDolocboiy3t:i 
djlfisioo limii - and Uv full zero fte^iKocy soIvoai dyaanics are requued for lU 
acciuaK descripuork <Orw frequently sees m U>e iHetauire ibe confusing lemmology 
"spaual diffiaion beut" inete^ allied to, eg, (2 6i. T>ns la clearly wrong, for 
nanple, OJb* cooiaies (be TST bout i^l. where no spaual diffusion is involved) 
A secoiwl important linut la anauKd if the solvent dynamics are alow on the 
reactive time scale X' ihai is (o aay CMrc h noMdU^oOc solvauon. Uten we can 
pji ^(3 l) . X' ^1:^) in U$). si*d (be OH eqiiauoua /educe (o {2IJ2) 
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lo ibia nonadiabauc aolvauoo Imsi — wlucli is favored by a sliarp reacuoa barrier — (be 
rexuon caa be viesved aa t nMMion on a noaadiaboek b^t^. whose freqoency is the 
acnadiabauc value (owi. (The sKoaeson wtten O'to ta uegative repeeseoia ano(ber lieui, 
destibed below) l>iia can t« seen directly from the GLE (2.1) by igiMeiog tlv tiioe 
depeiwlence of performing tlv Ume in(egral for sbon umei, aiwl rememberuig 
that l>iia frequency <d>^ u less (beo Cm correspoiwling equilibrium value 

(B„. since Cm passage is occunng foe fiaed aolveoi configuesuoui, and Cm sotveni 
cannot respond (o provide Cm eqaiUbnum solvation that is incceporMed in «>. Once 
agaio, there la m equilibrium solvauon and k<I In Cm neigbboibood of, but not 
cavdy in this bmit. soote inforouiion about Cm solvation dyiaaBUCs is required, but 
i» lieuted to Cm very ea/ty Ume behavior of ^(3 l), 
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OtK stMuld lAkc nrefot im>c ofUx ihai m tlK tottsdiabatK mIysum. qi 
" frozKtt solv«tt’ kinic k u (Ik <ji solvaiiot dynanm thai i< doportaiu But 

B|u3i tfiB lacl: that it re^ouiibW foe elie dtvtsuoa from aqiulibnum tolvaiioo. v.'luch 
jiuind Mtumet the dynaeuct vc cHecuve ia alstays leauHAiaing equilibrjum 

Wc now (Ofitdfl (be polaHtjOon fogt beut favored l>y a nvote broad 
rrvuort bamcr |I2I22) 

On then uiBC tcalet wherr the tolveru baa ooi eiovtd while ihr aolute 
coordieaK x oroue dv bamer, (2 9| indicatti, wjcb i 2 Ij. (bai tlv x iiMMion jt 



"L < 0 ; 



tefnp4tanl> irapf«d. or "cagrd' Hia loiuaJ fncitort it aimply too £reai (o 

allow the report (o oroc^d No rwi paa<a^ ort to dv product tide of the bairirr cso 
occur UAfeu and uoiik (iMrr it aolveiM modoo k> re)a* (bit cage and free dv modoo 
stoof (he reaction coordiuate Thus iit ibis Itmn ihe solvcm dyoemKt it sbaolutely 
otreMWf for the kkuoo to occur; tbe irantiBistion coc^tcicm renecta dut, 
dacreaaiAj more and more aa ibe tolveat rc)uaiioa time )cegthant Hie astocisicd 
iDuliiple recrosainj of the rracuoo banier is patucularly oronouiKed silien dv x 
coordinate motion b overdaiDped st wed [ 22 ] . an average trajectory can osciDaia 
several uinas before ulumaic)y pasting (o the peoduct region 

Hie polarization cage limit jusi dactitted will apply wheu there it a relabvely 
broad bamei in Um mean potemisl itmall w^ and at the sanw limr dwre i< siroog 
sokuiC'tolvmt elecirottauc coupUug [Oafg< ^tsOk)] If coudmona are such that the 
restive fraiueiKy is to low aa to be tmall coeipar^ lo the ume scale of the friction, 
dun du pokaruadoa cage regime pretbchoat for i wdk ctMuede witb the Ktsokts 
limn Otherwise ooe miai ttmply sotvr ihr QH (2S» Here sonwihiog more than the 
laihal uew Mbsvior of ^t| wiJ be requirrd to characierue ibc laftuencz of ibc 
aolvatkoa dynaiBics on du reactioo rate 

Onr thould appreciate ibai m alk of these limits, both du solvem ume acale 
and du magnitude of (he coupl(ug of ibc solvem (o the > coordiuate ve criucal io du 
cousequrters for ihe raacuon rate of auy noiut|iiibbourD sotvauen condtuons Tbe 
former will mm lead to any departure from du T5T e^udibnuiD aolvaiion raie if du 
tolvent coupling it weak Poe raansple, m ibe nouadiabaiic beut, tf the couplmg it 
weak - aa gauged by ^it:^) « I . tluo k -i I and k -» k'^. b la certainly not (be 

c&tc ibat the et|U(librium sokvauoa coodKiona are seutfied - indeed (hey are not. tince 
tbe slow solvem cannot eqmlibraic to the remtive aolute mocion Insiead, k (s tbe cate 
(bai tbe coupling is so weak that du banr crossiog in x aud thus du iiansmittion 
coefficient are kargeky luansuve to du surroouding solvenc n simply doet not mmur 
that the solvent it out of rquiltbriun Tbis it (he fourth ami final limit that we discuss 
iKre, the iveak eoh«lo« Inn |2I.22) 
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22 QUa>ITUM PAjmCLE CHARGE mNSFER REACT10^a 

Wt r»o« turn to clurgc innsJe; nacuotu mvolntig a QuantuiD paruck, an 
clecirott or a proton Ai ftfai glance, (base nugln «Mfn arange appltcauont of GH 
tteorv. ainc« cooMioate of ilw reactatu js <|uatuaai. and oca claafjcal aa lo Sac. 
2 I Bid aa deacnbed belo*. Uk acua] reactive cooedirtaia foe Uxse ku tiou daatna 
B cta&uca] 

Wc first (oruiiJer outer aptiare tranafer (CT) tenons, eg D'*A» D + A* 
a donor 'acceptor akaciroo transfer sviUmkic sigoificani couptad iiuemal reorganizatioo 
of (fee D aitf A spenea [27.29.J0I A haltmaifc of socb reactiotii, »ludi has baeo long 
apprecjaKd [27], la thia the raviive coordioate is itself a ouny-body collective 
solveni variaUe land is noi tlv coordinate of (fee eleciroft iiself) In pariKiJar, if R 
and P aiaird for the reaceaot and product, tlwn Uv reactive coordinate la 



IE • 
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Tbia la (fee diflereiKe to interaction energy for Um aolvent iBolecuka in given 
posiuona, of tl>e solveni oiiife tlv reaciaoi aivj product [31] In tlv simpkat case of no 
geooieuic ai2e cltasges ^ompanying tlv ET, AE oiiU ba axcUistvely detenoinaied 
by the Coulorobic lotetacuona betsvaen (be aolote aivj tfee aolvent nolecokc We sviJi 
wiuDe this to be (fee casa in all that fotlonis We loaka tlv forUu reWKiron ifeai the 
aolota incraiBolectilar vibtaiiona play no key roln 

For elac ironically adiabatic ?T. Uv electronic coupling betsvecn iba R and P 
diabwc siaKs is sufficKntly large iliat il^e la a coououooa cbonga in elecirooic 
cbarKter in piaaaga over a raacuon bamar in the AE cooedinate Agam, ov can 
apply QH Uteory to tlua by Mtunnng a GL£ in (be barnet top neighfeotbood but now 
for Iba aolvent cootdmaK ^E(i) = AE(t) • AE', «lvra AEi locatas (be re^on 
bamar top m the aquitibnuiD frac energy (A£k 



6A£(/> . 64£(0 - f dxZ^(t x) ,lin 



H<rt and tths (o (l>e aqodibrium btmar fre^Mncy and M un 

(kpcr^nni tricoofi los Om cdordjtaM M>l(^ ihn cotts^a with [2 J k wh)ch 

ttlm to (hn comapoodjnf quauouai for a salute meuw <oorditaM 

Tt^ TST m <CKi&unt for akcraicalty adialmc ST rtachons n (ha wtO- 
known Mofcua rata conrUAi [27^29]. la Uoguagn of chapaer^ solvrot 

dynamjcal etfecu caa olHt (ha a^it^ rair ^ai thii Itairt diM to Ow tricMoa 
m/lMoca. corrarmdmt GH oquouofia for f arr aCKiJy aaa]o|ou< 

to <2^) and \2S), atd io wt do imi wrett thrra <wt riplicrdv here 

We ilioiild briefly ovrmoo (he eleciraucalty toaadi^auo ST aituouon Here 
the elecirootc roii|>liAj ir eofficteoily weak (hai tt^ itmtiic eleerroote from 
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R to P B sloft', even v.'bct) tlK iwfiet^coc coediuofi« jo the solvent allot.' the FT «ja 
tlv RsKti-CQfvloo VK<cjf»(e l>te TST rau for ilua nar concaitu in i« pteivtor so 
eiet&oMc mnamiaaioa corHiciret wtiKlt proportiooal to ib« aquM of the small 
riccvouic coopting j2S). Bm os first d<«<nt«d bv Zisrart (S2), if itw solvauon 
dynonucs arr solAcKotiy slo«, ib< op to (and ttoo from [3}|> Ox 

(Mti^lisbotic (urvr lOttisoctiM cao influuKe ibe rase Hus Im to si'iOi solvooi 
dynamics lo tlv solvrru sooOs iihis is opposed to ihr barrwr top ductiption gjs'et 
abov«i W« sav no more aboot this lus [S.l 1.32-36) 

Tbe iitusiton for quanium ptoion transfer (PTj eg. AH -• B * A* -• HB' is 
more eonpliested <i>s^ foi ET, in pan doe to ibe msponance of the A-B sspatation 
coordinate isi'lueli sooold play no ueponant role lo Uv analogous slion range ET 
piocesses D •» A ~ E>~ -• A i We do not dweJ on ihis here ibongb Ibere aie two 
important region for PT T>< first is the nonadiabauc regime I32.3S) in ulucb 
reaction oeturs by quantum proton tunnelling onder ns potential barrier Hat barrier 
IS iialf loodubted by the solsant and in analogy to ET, tlae reaction baniar is in tbe 
solvent coordinate In tlv proton aliabatie regime |39-d2), ilv rapid proton 
adiabnucalky follows the siosver solsant. and at Uie iransnion staK of ilie invent 
coordinate, is descritod by a bound qiuniued vibration above tlv barrKr in its own 
ccotdinate (tbis is uoihing at ait )iU the classical moiion of ilie proton over ics 
bamer) Again tlv rs active coordinate is in tlv solvem 

We Skill only couaider the adiabauc PT case bers In tlus snuauoa. tbe free 
energy in Um solvent coordinate stdl have a banisr. arvl il>e GH-GLE discussion 
above for ET in tlae solvent coordinate AE wiO abo apply to the PT case. 



y Aonlylk&l Mudel 

Prior to addressing tlv results of simolaiicns on tbe issues exposed in tbe last 
section sue will now develop in this section a simple model perspective ($c. 21. 22.43) 
)t> purpose IS both to slicd light on elte interpretation in kiids of solvation of those 
results arvl to empbasiae tlv interconnections land differmcesi that may exist The 
development given below is siuiabte for charge transfer teaction syateses. nhich have 
pronourued soltiie-solveot elecirortaiic coupling: it is not appropiare for. eg, neutral 
reactions m uhteb the solvem influence is mainly of a collisionaJ cbaracter 
(AJihotigh sve do not pursue it here, the various frequeneias that arise in the model 
can be easily svaluaisd by dieleccrK coniimium methods [21,4311 

Ws consider the reactive solute system wiih coo^uate x arvj its associated 
mass u, in tbe neighborhood of tbe barriar top, located ai S'ea'^so, and in the presence 
0^ the solvent We characterize the latter by the single coordinate r. with an associated 
mass u> If itw solvent were equilibrated to x in tbe barrier passage, so that there is 
equilibrtutn solvation aod s = s^ji, tbe potential for x is just - 1/2 jio^'X'.wfurco^ 
is the equilibrium bamer firquency [cf (2 2>). To this potential wr add e locelly 
harmonic iratoring poteotial fee the solvent coordinate to ^ccamt for deviations from 
this equilibrium state of affairs' 
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(3.1) 



He/e ox. i< (^e eolveni IttfliUDcy and wt luve assumed tlw eolveni's equJibrjuoi 
pcsukd 10 «vy linearly widi Mime coordinate i in (Ik rKiiltbortiooJ of die 

bamat lop' 



^ ; 




tJ 2 ) 



Tlue depcndeiKe of ajX) ort g haa ks origirt moei imponandy ia cbarge (ranefer 
pfobtema fmo (Ik vanauon ol ibe aoliite dtatge dstnbuikon a'Ub x eg, lo an S.J 
Mdizauon of RY. iIk mnik character of RX depends on the lotanwicleae RY 
separation smct the solmc elecvoaic atrudore is clKAgiAj [7JS] E«ca ia a simple 
dipolar isonxerizauofi lAvolviog no elecvoetk stniceurc chaAge, ihete miJ be sucli a 
depeAdenct because the solme'a dipole momem la ebao^ug with oneAiaticn {22). We 
cmphaaize dtai Um linear behasior (3 2) is only being vsiutxed in the iKigbboeltood 
of (he bamet op <m general, s<tlx) «ill have aA S'Shape (he full rao^ from 
reaeiants to producea) Note also dial M this s(age. the precise identity of ibe solvent 
coordiAate has oce been specified We svtll retivA o tlus <|(ies4ion ia Secdon 4 
Wuh the above dBcriptioo, i)k HaeuliooiaA becomes 

h II to iMw convtfi to <oordjnaui x = 

i drop tJtt owb&n lo ettt Hwiltofiido ii 



I I 



I 






(3dl 



Hcie Uk square non^aba(K fre^ueiKy e ^ven by 
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ti> 






‘ 0 - 






(3i) 



•lul« tlv > • 4 (oupliag s^iure <t«4iMacy - stliicl) ilw coupliog sirmsili - 

hu (h< dcfiuiuofi 




(3A) 



Hu ttotadubauc ft«4uetKy (ovkhu itu itiiual fofc« cxprtieoctd by z *lufi itu 
&ol«rtu coonliaste i9 froue at na saddle poitu vaJiK s s {x>j s 0 . la ^laera] ih« 
(•Mjpltd «4iauotu «i fiMUOfi for ilw (zj) sysuei aw 



t > . &*i‘ ; 



(3 71 



If tlu soIvcM wetr to ^lui rapidly (adiabsDcaJy) aiad equiljbtaw to ibr solutr 
coordinate x «o tbji tlurr la do lorcr oo x. iMa we would ba\'« ilw rfloilibnunt 
coodiuon 




<3.81 



WMa Uiu cooditioo is iiu£rted loto Uw fmi loeinbrr ol (3.7), it |tvas the saeple 
e^iauoo of eiorioa 



X . . 



<19) 



whxte we have u«rd <3J|; this i< jisi ilw dxscnpuou z motioo oa an equilibrated 
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We will bur funlui analyu (be nwatf«tr ol (3 7> as tluy staM. btii n la 
laefu] Um our aulnefluetit dj«cusswn to mw simply ^ s leoeraJiud disupauve unn 
•0 the sol tern efluaiioo ol inotkoo to obaam tbe siochasuc c^uaiiott of tnotioa s«c 



X » 









(3 10) 



»bere ^(i) is the rotev ume iepeoikru fnciiort coelfieiett (per unit pc) TMs 
t»o equsuotu can be east iruo tlu lom ol a QL£ (2 1) for Uu reacuve solote 
coordmaie by Luplaet iranafoaiBUort and iuscruort of ibe formal soluuoo ol tbe 
second ego won into the lim Hu lupbce uansform ol Uk tcMe time depemkui 
Iricuon coelfjcieot (per urui mass p) in tbe resulurtg t~«*P is fouod to M [22] 

^(0 . (6P»A0> ■ C»0)- - ’K - , IJ ID 



•lure (M loiuai time «alae ol il>e friction is cooiwcced lo Uu coopliug aivj solvent 
IrcqoeiKus by tlu relanon 



C(/- 0 ) . -i 



a 12 ) 



Tlu contertt ol (3 11) can be clarified by considetiog itw tirw correlation 
itincetoo ol tbe solvertt eooedinste usell. orbeo ilu solute coordinate is fixed at Its 
Transiiiort Sut< value t^. It is (Mo a sitai^lofO'ard exercise to sImw frose (3.10] 
diat 






(recall (tut r is mass>u'si£luedj from wtucli wt can <kduct the relaiiontlups 




2A2 



3THYNE$ 



C(0 ‘ ; 

f(0) . C(fJ3) 4j(0) r C(hO)t, . (3 •*) 



J8 (he nocBulizM «4iulibfiuni Kf of Uw so(«uu cooMiuste 



4(0 



(f*) 



(llS) 



(S 14) i key relaijoti ^liioh coaacci^ the ume dependent fnctkoo on (he /evuv* 
eoliftc eootdiiuie (o (be solvaucn dyttennce 

1( II ueefuL foi later /efetesce, (o coouder Uv frktioo (3 14) lo eeveral litnia. 
Hie first e»aiDple ste consider is that wtien (be fn^uenoy tkpuvlefice of ^ le 
i^ored - - 4Ad ilw solvuu acctlerauoo le i^ored as well - i«., an 

overdojoped solvuM. iheo one hs 



4f(0 





1 



or in ume )angua|e there L eipoeentia] deny of (he sohiie traciioo 



a. 16 ) 



C(0 • C(/=0) «p 





<3.17) 



Tbts aniroiiniMon (oquires (hat ^ » o>, Tbis behavior in tet follows from a Deb)« 
jKloriric ooniinoum naodel of the sotveru wbeti k is coupled (o iM solute oiKtear 
imton |2I22) aod then % ssould be proportional (o tlv loa^fudinat dKlecme 
relanauon uioe of tlw solveoi: irvletd, lo the eon(e):i of (tme dcpcrvleru flitorescerKe 
(TDP). (be Del>ye model leads to such aa expooeoual <kpervletce of Uw analogoe 




cfinsso4C 7XE nuNsnioN mT£ ik scimoK 



2il} 

(here of A,|U (44). While (3 17) li a useful broad dtaisccerizaiuMi and «s< m 
inlual studies [2J^), mil <e« m See 4 that it often does not capture the cniioal 
fDioioaeofiic s^nu of the frjciton revealed jn MD snidies 

Atiodu lint of iotetesi js (hai wtieo ooly short umes are of imponance Ia 
I bis na. (he cjoe depetukoce of the solvent cMtdinaie Kf A,(i) caa be ignored Ihen 
OIK has ^ti = ^t^). wtiich by {3 12 ). e a iiKasure of the soluK*soiveni coufiling 
fraquaiKy Ihis is panicularly relevant for the nooadiabaiic )imn {2 8), uihere it la 
only tlv ioiiial frKtran value that la relevant for the tearslon. 

So far the solvent coordioate has not bceo defirvd As iMied at the beginrung 
ofihts Sectiora, the uioe dcpemkin fracuoo is (o be found for the reading sohae filed 
at the uaistiion state value i' ofx By (3 14), its dynanm stere related k> (hose of 
an funs pec ified) solvent CMtdiiute e Ooe strategy to identify (he solvent coordioate, 
Ks frequeney, frtcuoo, etc. mould be to derive an equation of eiouon foe the relevant 
fluctuanug force SP there To this end orv can use a double*ioembeted projection 
teebruQue ia lertsvi of SB aud &F In pafucular, we defirw the projeciioo operator 

ibFt) . 5/ (0/8) . ^ 



«luch projects onto (he fiDcruaung force and ii< *ve]ocity* One quictty finds IS4) 

. Coi^/Tf) f ' (f.T) 0f(t:> , (3 19) 

Ox ajwidied squM tr«4\xrKy h 



«ae- • 






(3 20) 



^ iJx (JM (mum fof SF« pei 6F 






V 



mi) 



involves (he projecuoa operator iPO)*iDodifKd dynamical (cf of the generalised force 



0/ » Kv 



(3 22) 
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Averagti fixed n iIk nnslUM UiM m to be vniersiood ia eU of itme efluaiioos 
Let o< make &orw cotuvctiotu to ttie moRs e.'bich nme froee the peevjotu 
iDodel devetopoicH Fim. if combaft with a rianMal 

idemjfieauoA ofihe solvent eoordiiiste i m Sec 3 19 ia f^jvst the fluetoaung force 
&F oo> at Uk iraefiuon oute. (Note erpeciaUy ihei tbi9 ehoKe associate* ihc sotveni 
eoordiiuie viiib a dMct omHire of tlv relevant aolote-eolvetit lAietactioa) Hie 
sol veal leasi, force eoortant aad frequetciea in Sec 3 would Uwa be gtveu Aiolrculv 
expreuioAS via (3.19K3 2I), wtitlc (he solveai fncocn ^ Sec. 3 svould be the 
fncitoA pci Aiaae for & (3 22), 

<tf(0 ■ (HaieAflT)' 

in wtikl) Uv dajjer <kAote< PO*Aiodified dynanica. Hie final coajdocuoo of the two 
deacrifHioAS coaski* of (be (coneiaieaO ideAiiricauon of ibe square 90luK*90iveni 
coopliag frefloeocy ar ia (3.6) by 



f»| • wif c(f-o) • 

» ObfcjT) ‘ y> / iitFf)} ■ 

. (3 2d) 



Tbia, everythiAg Aiofis ia a one 10 orw faehMA 

(n f^ tbie son of ideoiirtcaiioo of (be solveitt coordioate 2 wnb (be 
ftuduarms force &F war fint oouced m [ib], but its genetalny had ooi beea pursued 
UAUl Ref 45 Ii 19 imponaai to reaiaifc (bi9 force SF is a veiy highly dokHiw^' 
furKUOA of the eoordiAaiei of (be eolveni iBoleculer, refetcAced to tlv solute locatioA 
{ib): orv should 1*01 a( ah thiok (ae sonw evideady do) that tlv imennoleculai forces 
can be ooicAably Cmearized. 

Even the siAipitst approiiAiaiion 10 this sys(ein - ibar of totally ignoniig the 
friettoo gives a Gaussian behavior for the solute fiKUOA at abort (does [1,2], 




C(f) - CM) «P 



f 
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v.'bKh at teaii cspuirs ihe iiutia] bcbavtor sat skJl (iiad to b< cvidcet iit (h< ciampks 
u) be diacDued m Set 4 l Siiace as itowd ihete Miy ilv abon ume beluyiot of (be 
ume depwltfu aoliiu friciuMi la oIko of uoponafict for iM rau, (3 25| coohd prove 
laefo] 

Hua model perspeccjve eaii aJeo M oaed lo dtoiaccenze Uw kkhoo 
cooidiAaK, 14, Uw appropiuu combanauoit of aoline and aolvem eoonliastta aloof 
sviucb reactive uaiectoriea loove [I, Sc 22.43) Ibia amourita (o findiiif Um (sw> oormal 
modc« of (M equanoits of moaioei (3 21 Hie reocuve or uitsiable naode j< tlu teacrion 
coordifiaie, stluk Uv etaUe, sanavetae rood: la ihe eoneeaciive cooidioaM Ibere i< 
even a (cf eapeeaaaon for ibe revuoit cooidmaie ( 22 ) lo cbia ivsv. rocaied coordioate 
ayetne TST a exact, foe the fjveo loode) deacripooik Thua fMo aodi a atnipljfied 
deacnpuoit is poaaible, ibe feiaeraJised fncitona] reducnon of tlw tfaiianiaaioo 
coefficicot via GH itKory cao also be uidcraaood aa a T?T reaoK in a aev reactioo 
coordinaie that differs f/om ihc atinple aolou coordiime choice x - ihiaa the race 
cooaiant la rot tlv equilibnuo aolvaiior TST reauli This obaervatioo ba< t«er 
aubsefloeady made, aod further dc'^toped. by odwn |46) (We npeai. howcm, our 
nore abo^'C ihai oue caum )ioeanu the imermolecular forces tberiudves i We also 
iMie ibai tlv simple loode) normal mode araJyaia la a apetia] case of a eioee gerural 
aoluiioo raoctioo padi aoslyaas (43), fbioh is the feeeraJisaiioo lo aoUiuoo. of Uv fas 
pluse Fukoi approadi [47) We do not reviesv ibia lure, bm simply five a fast 
repreacriative references or iia devetopevm applKanoiia and feberaJuaiiooa 
(43,48). 



4. .SiiBuleliiA Studies 

Ir ihia acuon, m five tlv hifhJtfhu of a fest cese uudiea of (be dyraraits 
of dvmKal reacuers We befjo uith a beief surv'cy of heavy panicle chatfe uansfet 
reacuooa, fodosved by a fesv e>ords about eleciroo uamto leacuora and peoior 
transfer reacuors 

4 1. HEAVY PARTICLE CHARGE TRANSFER REACTIONS 

Poe many cheieicat reaciioas fith bifb sharp bwriers, the required ume 
depeudani frKtioo or the reacuve coordinaie cao be usefolly apptoxjotated as the tef 
of the force suiih ilv reacuaf solutejbod at che itansiuoa siate Hai i< to say. no 
mouoo of tbe reacuve soUik is pctmiued lu ihc evaluaucr of i2.3l Hus resmeuon 
haa Its rationale in the physKal idea [1.2) that recroasiaf itaiecionas which infloeece 
(he rate ard the tranamisxiou coefficieri occur oa a quite shon ume scale Hie results 
of many MD umubtious for a very wide vanety of differeat reaction types |3*I2) 
show that (bis coodiuoa is satisfied' u car M valid even where n is most suipect i e . 
for low barrier reactions of tbe loa pair lateKoaversioa class |6) 

Whai does this ume deperdeat frKUou look Iil4' To answer this, we dutnbe 
(he MD calculaaed results ($c) for for ilv reacuve asymmeirk stretch coordinate 
for the Cr • CH.G S,<2 system in HX) solvem. aiad its associaaed Pounet apecuum. 
Hie latter is pamcularly illumiaaurf. snve ii displays peaks clearly ideatifiable from 
(he specinim of the ume pure HO liquid Hus coasibuuona from the HD bends and 
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syiDfDfVjc ajvi seu^ynuDeiric ^iretcbn are apparem at fregoeiKtee at«ve - 1,500 cm* 
Ai the losi'rt freqiKncy range 300 cm' • 1,000 cm' appear the liiederrd rotational, 
1 1 , librationa], CMinbouons of sfaier A luntwr noteworthy pAjm i< that die higher 
AequerKy iDoiions ibenda, stretches) have a dunieished ainplitisde in dv friction at 
coMpated to the spectrum, i,a , dwy are not so tirongly fmpUdta the teacuve tolute 
ae are the water librationt Hut Jlutiraies dw atmuhaMout unportaoce of the tune 
acalea of tolveet motioet and their coupling atreogih to the tolute reaction coordinate 
Turning the focut to the tiMe pertpecuve, a fairly rapid leitial decay is appareni, 
followed by a aubtiantiaJ and mucb longer lived tail The initial decay la suell 
described by the Cautsiae (3^S). The tail Makct a aigiuficast coeinbiriion to dv 
large friction conatant i,e . dw zero frequency friction [cf <2 7||. A very similar aon 
of tehavior of ^t), le iiree and in ftequency, it obterved le an MD timuJaiion for a 
foodel of the S. I lonizauon of ten*butyl chloride lo water [7^ If we exploit dw 
peripcetive ofdw model <3. Id), it la apparent ibat tbe solvation dynanict la decidedly 
nonexporwetial for ihe^e problerot li it simply not going lo be very tiaeful to detente 
dw utoe dependence of for the reactioe problem via tbe eipooentiaJ Debye>iype 
expreatioe of Sec 2. On the other hand, at discutted below, the Sn 2 reactioe it le ite 
ooeadiabatic linut. and the tirtie dependence of ^i) is irrelevam 

A tetond example of la available for as ion pair fixed at the transition 
state separation in a model diptear solveet [6a| Here the ueutual feature is a rapid 
leiual drop to negative values, followed by a loeg positive tail. (Prior to ihit, an initial 
Caus&ian time decay applies) Sticb quasi-oteillaiory behavior la highly suggestive 
of aoroe sort of collective solveet cage motloe Once again, the loeg tail is a 
significani coetnbutor to the friction coettafit Tbit aame overall behavior hat beee 
observed for varioot ion pair combioauoes for Na* aod Cl in vrater tolveni [tibl, and 
appears to be fairly charactetitiic for ion pair systems Again, if we exploit the 
perspective of (3 Id), the tolvauon dynamics is decidedly nonexponeniial 

Typical cheiDical reactions are characterued by sharp reaction barriers, oftee 
aritiDg in pan Aom dw existence of a reaction barrier in the gas phaa Thus, even 
iboogb dw magoitnde of the reactive soluie>solveni coupling is tiroeg (large 
the letnetic barrier it of such high frequency that dw nojwdUbdrfc sohwOon linui 



> C(^0) ; 

^ 0 . M l) 



discussed in Sec. 2 I is often as excelJem guide lo tbe nucroscopic ineehaniam of ibe 
barrmr passage. Hw Cl • CHiCI S.2 systero in H<0 provides a clear lUusiraiion of 
this |7|, for which the norwdiabaiic frequeocy is very high, - 500 ciO', aloeg the 
anusymroetric stretch solute reactive eooedinete CH theory is found to agree with 
ibe MD results for the basic reaction sysiem. as well as for roany vanasis of ite 
system |S| Hw reactioe nansiDission coefficient it found to te accurately givee by 
Ibe eoe^abauc value <2,8) At mentioned in Sec 2.1, in dw norwdiabaiic solvation 
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Ueut (fc« sorvffii u «nRQv«ty fnu«a dunug Cm ilion umc Kak durieg «'lucf tlK fM 
oi 1 us)ectory, Kantsc oi o(lKr^ClM, is decided - this umc is - 20 f< ia ibe S.2 
cuBiple, «try <hnn indeed. Hie solvstiot dyruoun pff u tl^ ii/elevaAi on diis 
<hon UfisKak lAstcad, one nn piciiiie % sisuc dismbucion of barrels in x teed by 
(Ik rescD'e soluie coordirtate x. «'hos« locatioA and iKigbi defieod oo the solveoi 
(oordirtau t Htsee bamers arise from ibe diffeteiu solvation bsnems tbai esjei in 
equilibnum ivith (be «oliftc ai ii< traiuatioo siste con/iguiauoii j' s 0 TIk S.2 sotme 
iraafiuofi siaK aUDCiim is ayiwbeuK — Cl^Hi*'G^ , bot Cm ddinbuikon of 
equibbaiuD solvent (oniiguesiiotu lia< ecninbuhons in si'lucli Cmk is asymowic 
solvstioa, 14, beuer solvauon of oik G oe another by the waier ntolectiks IndMd. 
(Ik motkl HaiDiltoniaA can M /ewrinet [$c] in iIk form 



/ 2«;j ; 



«)ucb IS ifiiiie instnicuve Tbis pves a repeeseotauon in tenes of a «ei|tKiKt of 
solvaiNMi dependent bameis AV(s) for ibe x eioaion located Jong Ck line Ajhsi 
H iese baniers arise from preciMly tbe asyionietnc solvstioo panerna mentioned 
above (Sap Calculation of the rate constant from ibis perspectiie gives |Sb) josi (Ik 
nonadiabaiic solvaiicn resiii (2 8>. Indeed tbis model wcceeds even m accounting 
for skiwiber irajeciones are or are not revtive, depending on the kuietK energy in tlv 
solote Si>2 eoo^iaatt. as folMms Par given KO solvauon configiiroisons there is a 
solvent baiTKr AV(i:^ aloog x. sod a trajectory anU M unsuccessful if Ck kinetK 
energy K. in tlv aniisynsmeuic etretcb - tbe solute reactive coordinate - is less that 
AV((|, and h will be succeaful if it eicteds H. This picture is precisely confirmed m 
the simobuon resales Hus kiivj of detail about the mctoscopic a^iects of a reacoon 
begins to apfieoadi that considered in siaie-resolved gas phaa clKmuary FuiaJly, tlv 
solvent coordinate s can in fact be idenufied foe this systens m (erra of a mctoacopic 
force |Sb), this was rcfeired to in Sec i 

In this nou^abatic lumt tbe irausjoission coefficieru is detemuicd. va 
<2 ft) by cIk ratio of the nonadabauc and equdibnum barrier frcquencKS, aiad a to 
full agreeioeat with the MO results |Sa*ic) (By contrast, the KraoKrs theory 
peeduhoci based on the aero frequency fncuon constant a far too low RccaJ that we 
emphasized lor example the importanct of tbe ai) to the full dote ana of the S«2 
In the language of (3 U), Uk solvation tiev X is itot directly relevasu m dcKmaing 
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Cl la favorable cssea. ihea« frequmnea can be calcaJaied by aotnucei phuc iniegral 
eflustioA (ethfio(o|y [ 2 b] Hua u JoponaiiL aince » providea a piedicuoa note *ia 
GH iheoiy. «'ludi avotd) ao MD aiiBuJaucei 

Evee for casn wbete ibc reaouon (ranamiuMMi codTiojeaii la ladepeadaru of 
cIk aoiveaii dytanin per re, thoae dyaaeiica can anO laod irvletd ntitst) pby a cniojal 
rote ja ihe ovetaJI rcvaivc pmeeu Hua cat t« iDusiraied by Uw reauJu of as MD 
wnmlanoa of bow ihe S-2 ayatem CJ> • CHCI la H.0 acualty reaohra larNlleavnt 
the uanstuoa aiaie |Sd) Wr fiiai recall, froae Ok dactiaaioii above. Out ihe aotuie baa 
» ayevTwsic ebarte diauibiiuon ei tlv nafuiuoa aiate Eiaminauoa 

of ibe bamer c)imbirf proceaa, etaraag Crom an lornlipolr compki Cl* CH-q 
diuirtj tlv 500 fa of lU diuatioa rrveaJa ihe followjag plKrtonerta Hie ebaa^ la (be 
aolveiu energy and ilv aotvmt*rragrA( jaierebange poaretia] eaergy are gradual over 
rraosi of ibe S4X> fa uiDe spau of retevafue to (be cluDb llmr choAgn ve aeiootti. 
leiplyiag ibai (be corrupoodmg change (a tlv aofvaQoa of (be /evoon conplei la 
aJeo siTMoeh and gradual Bin Uk dtange of ebe ebarge duinbuucn (u (Ite /eagmia le 
boi a( all gradua] over this eanc 500 fa period Instead. Uv (ransiuoa frora an lOO* 
dipole CO a syeviwiric charge disiribifiioa occuis aJetoet eaurely over (be la«( 50 f« 
poor to ihe arrival of ihe syaien ai ibe uanaicioe stale [Sd| 

Hieae reailta sbow ihai a oujor portion of tlw solvent reorgantzaiion to a 
Slate appeopnaie (o solvating ibe syinmeinc chaige disttibuuoo of Ok reagents at tbe 
barrier (op (akes pl^ i«rff b^bre Ok rragerM chaige dismbnuon begins lo change. 
Tbe aolvaiiou is unable lo adiabaiically follow ibe rapid change in (be diainbncion of 
Ok oegauve chaige among Ok reagenis |Sd). (Aciually. ibia la alie^y implKii in ibe 
frozen sotveni nouadiabauc solvanon results of Ref 5a*5c) Hus prior sofvev 
reorganization is a rKcessary condnion for the reagents (o levh the traaiitioo state: 
ibe rr^uiiiK solvatioo ai (be iranaiuoa state baa begun lo develop well before any 
cbaogr lu ibe reagents charge disuibuuon Togriher wtib (be mohe of [5a* Sc), Ous 
shows very clearly for ibis S .2 sysiem ibai oik caniMi piciure ibe progress of a 
cbeeucal reachon aa a cabo progreasioa along ihe potcmial of mean foM cune - a 
cbeeucal reaction la muinaically a dyoamic, and noi an equitibnum event 
(Inctdemally, in our opinion d would t« svonbwhile lo subfeci oiher reacsion class 
esaoiplea to Oua kuid of aoalysii.) 

Of related mteresi are results for waiti response lo an insiantaiKous change 
tfi tlK dipole of a solute [4Aa). for the tiioe scale of tlK solvcni response for several 
charge^ransfer reaerions in *atai. mcludini ibe S«2 region [49], and for a similar 
mponsr for Fe' • Pr~ m water |4db) Hk ubk scales found in those studies for the 
staler soivsni relaxation • and ihai otiginaJy fooud in (5) for luoe-dependeoi fncuon 
00 the Sh 2 irunsaion stau • are similar to those observed foi ihe prior reoigaoizaiion 
of the solvent H/) 

Hm polanzauon cage Iijdii described m Sec 2.1 will characterize tbe rcaciioo 
wiKn (here is a relatively brotf barrier in ihe mean poteonaJ (seKlI and there 
B seroug solute>solvem elrcirostauc coupling [large T>ua tegmse bas t«en 

observed in an MD simulation of lOO pair recombinauon dynaieics in a polar solvmi 
|6a|. whose fiKcion was described above Tbis reaeiicn clasa is especially laicteaiing, 
m (hat Its reacrion banier is eourely solveni*iiwlDced, ii does noi exiri in the vacuuse 
Again agrseioent wiib GH ibeory peedicitens wubin (be erior bars of (be umulauon 
•s fboud [6a] Hie uaiure of ihe dynamKS is involved m crossing tbe (ransuion <isic 
B insuucuve, and we give some discussion of u Hk contact ion pair iCTPj. locaied 
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oi » sepdmott of - 3 S A. u dtaidcitnud l>y an a\'«tage aolvaiioo dull •4io«< key 
Inure is s nng of four solveni moIccoJea, ai - 4 A frou tlv GP a*i< *jih iheir 
dipoles antipanikl to Uut of Uv CP For IM solvsiu ^eparaied lOO pad iSSIPi, at 
separauon - 7 5 A. the avetspe aolvsuoa sbell j< (omiaeud lo - 2S A. diK lo tlw 
ivieaaed dipole moeufii of Ue SSIP, sod eootams ooly Oiree solveni etolecol« Tlv 
solvatioo diell at the traASJtioo «uie, wtucli is locaied at aa lOO pair separauon of - 
5S A. fias a sinKUK mtemediaie beisi'eeti these The solvation dynamics st iM 
uafisMion state ailudi allow, eg, (be fomsuon of Uk SSP. eoasist of a solvaiioa 
itvil (omiaeiNMi, with ina'srd nweion of (bree of its members Pot ^uage to the CP 
on (be oiber band, an espaasioa of the solvation sbell is tweeuafy WHbom tlv 
occiirexe of ibese motions ibe sysseet u (rapped in tlv uansnion state neigbborbood, 
ibe bsllmark of tbe polsruation cage tegdoe It is also lastrociive to note that Uk 
solveni moleetile loonona appear to M otueb store uaiislational than reocienisuoast 
in cbaianer It is also diffietih lo cooceive that the dielecinc relaxation isoe of tlv 
solveni bas much direct relevaiue for sxb dynaeotes 



4 2. ELECTRON AND PROTON TRANSFER REACTIONS 

We oow tun to Uk elacininicalty alisbatie BT reacuon probteet (cf See 
2 2k There lua been s spare oftbeoreucal papers (8,11,28.53,35,36,50) dealing with 
the possible lolc of solveni dyaaeucs in eausing dspnnum from ibe standard Marcus 
TST rate theory |27 28) lahhough maoy of tbea deal with noaadiabotK 
reusionsj TTv CT reaction conankred is a amplified syetmeiric model, A*^ 
A" A" in a model solvent similar to CH<CL Hie leehnical ami compmauonal 

raticeiales for this soroewbat amfkiat fractional charge model are giveu in [8], 
however, the model is suffieienily lealiaoc lo eipliciily address the bey dyaamic^ 
ueiKS 

Tbe MD reaction stmobuon is effected via tlv clectrceiKally adiabaiK 
Namilionian (8) 
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svbete IS the system Hajoiltoman when the solute bas (be RtPi charge 

distnbotioa aud ^ is the invanam elecironie eoopliog This ts appropriate as 
represeruativs for many adiahobc ET reaciions' in adliuon, solvent dynamical effects 
are eipected to he most peonouneed in tbe elxtrorucally adiabauc limit [33] With 
this Hamihonan, ibe macung soUite is always m ns ground elelcirontc staie whatever 
tlv oonfiguiauona of the solvent molecules may M The barrier is leaveised « AE 
progreuta from values appropriate to the rwigbboihood of oqtiiUbnum with B to 
those aimilary appeopnaie to P The solute eKcuonie charge e^ves smoothly from 
that of R. ibiotigb tbe leansiuoo state disinbuDon A° A° - svhicb is a neutral pair, on 
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n (h< P clurg< disinbucuMi 

Hu vauuBissioA CMHicMoi nmwm tlu deparare 

<4 itu rau cotwani from its Marcus. TST va(ue aftd can be direciJy coeifHitcd, for 
difBtrefu chotces of ihe elecvooic coupliog in aa MD iietubtiM for ihe CT 
rracnort |S). Hw firs) leiponaai poiru is ihai for ^ s j kcainool, i is 4|iiite close (o 
uruty. there are f<« rectossings ofihe barrier amJ Uu Marcus TST T}Mry is thus an 
etceltem approiueaiioo 

When the coopUag is increased lo ^ s S Lcel/oiol and ibe barrier beconas 
more rounded U>e uansousaion coeffuiaM is soialler |«n <• (L6^ and (bare are 
tmiceable depanures from Uw Marcus TST theory, although they are laor cbomious 
Tltf Utf barrier reooasutgs are foutvj (o be resiruted lo Uk immediate vKituty ofihe 
reaction bamec top. 

Tbe GH itaeory can M applied for such dynamica] rate effects atvl ihe 
transmission coefficient is given by (2S>, reienueo here m 



’*«' * rar 



1 (X) I ' toJi 



i4A) 



In the p*e«m cootni. QH itaeory rebes oo the assumptioo that the GLE |cf. Sec 2 2) 



SilAf) . SA£Tf) - f OtClr (f-T) 6A£(T) ,4 5) 



holds m ittf ncioity of ilu bamer top &E s aE' = o [8.33] The bairitf fre^istuy 
dit:, can be estinated |8) from the foowla <n^ a iv [f 2Al7 / ^i • I j'^.aihere 
oiB IS the frequency of ibe reactant solvent weJ T>>e frKtioo rKuappeopnaie for tlu 
iransiuon state can be appioaunated [8] by ihe tirae depetdem fncticn for the 
refetetue aimaiion of a rwiffraf poir Tbis apptoaimaie Kleniificauon follows from ibe 
observation, meouotvd above, that in the ?T reacuon, the iraoiition state charge 
distribution is ihai of a neutral pau Ihe neutral pair fnceion CvtO be ectrected 

|8) from studies of luoe dependem fluroresccxr dynamics, and with the 
appeoiimaiion K,* can be estimated via (4 d| for ibe ET reaction. 

Ihe resuhs agree lo wubm itu error bars «iih ibe MD simubiion vatius |8.1l) 

Aciually, aB of ibc above resuRs are in coniruliccion lo ibe currently 
convenuouat viea' [32* 35) that solvent dynamical effects for eleciron£ally adiabatic 
BT reactions ve determii^ by solvent dynamics m tlu R and P wells, and not ibe 
barrier lop region Ihis misaes tlu correct picture, even for &rly ciupcd barrier. 
Instead it is the solveni dynamics occtirrmg uear die barrier top, and tlu atsociaied 
lime dependent fruuon, that arc ibe crucial aspects. It could bositvct be ihotigln 
possible chat, for cisped bamer adiabatic ET reactions in much more slowly relating 
solvents. Du well dynamics could begin to play a significant role Hosvever MD 
aimubtioas have now teen earned out for tlK same ET soluie ui a solvent where tbe 
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solvcai ibolecuJe jettniudm WMriUOfi js UK/tascd [lib] Tins Itrigtbceittj stows 
down tlK SDlvtM ouUcuk imkoo atvl csiue ii to M Qoite sirottgly o^'sH^ped - 
ihe nuo of ^ / 2 i< of ot<kr 10 Y«i otK< og&jo il is fotirvl [Ub] (bai Cx 
iransoukMort nxffioieiu is deunauiMd by irajccsancs nnr Uw tamer top aod Uui Uk 
coavtnuofia] well reluauon picure for Uk mcuoo is rtoi valid 

Tta abo^'e discussuMi was for FT raacsHfis with modest ot high barriers, 
skliete Uw barrier frniKiKy is muosbly bigh A quiK differem iitiaoon cao arise 
for reaesions with low barrars, tare there is no obvtous iraiasic bias favoring shon 
uoa solveoi dyosevcal effects in irtfloeociog tla tcaeoon rate Some striking 
tlliuarasweis of this are gtscn trt {SO) wlare it is found ihst varioos pcenoru of the 
solvatioo dytamics cao irtfUieoce (be ET rate for aveial low barrier evMhemue CT 
teaetwns lo loethanol, depending ou (be detailed claocKr of the free eoergy surfae 
Hus uudailiiKS (he uopMUnt point ibar wbat solvation dynamics are atevam fee a 
teaciMn is very imieh a foocuoo of (he reaction boiitg eonsidered. 

FliaaOy. for ibe PT problem, dynamical fnciioo effrcia have been eiamined 
foe a model for a ptanol-amua xid*base reaciion m meiliyl chlonde solvent [ 12 ] 
Wiib iIk quaniizauon of (he peoioo and ibe 0*N vibtauoo, the problem can be 
ceducxd (0 a one^naiwoia] solveni coordmate problem similai to the ET case 
AgaiiL GH (heof> is found to agree stub the MD resulia lo within the error baA of the 
eompoter simulanoik 



5. Olhcr Appfiretinnai 

Another vena for the appbeaoon of swchesiic fiKuonal approaches is ibe 
iofluence of ionic auiaosplaie relaxauon on the rates of reactions ui electrolyte 
solotioas [19k. To gam perspeesive cn ttis, we firai recall tlv early aiad ofien quoted 
triuev** of fof (he peedieoon of salt effects in coiafvcuoo with Debye-Huckcl 
theory for re^on rates' In k'>' vartes luiearly wiih (he square root of the sohiucn 
ionic streug(b I. with a sign depeiadmg on wbetlue (he charge distnbotioo of tbe 
transition state is stabilized ot dmabOued by (he looie atmosphere compared to the 
levtanis 

Bui the enure coiaception Iwre is (hat of equilibrium solvauoo of the transiuon 
state by the Debye ionic atiDQsphere, and closer lospection [5J| iiwlicaies that this 
assuotptioa can hardly be jissufied: uwleed, tiioe scale constderziions reveal that it 
will neatly always M violated. TIk characiensiK iime for the system to cross the 
tevtson bamcr is ot<!„ - CN ps say On the oUkt Uv time required for 
eqiulibrotscn of the atmosp)^ is something like the tuiae for an lOO to diffuse over 
the atmospbete dinwosion, the Debye length c. ibis tinw is * J ns for a salt 
cotacenirstioo Cs 0 IM and only drops to lOps for C <• JM Thus the ionic atmospberc 
is perforce oui of equilibnom during the bamer passage, and in analogy with tonic 
transport problems, there should be an ionic aiBWMpl^ fnction operative oo the 
te^on ccNMdinate whKh can infhKncc ihe te^on rate 

These aspects were examined lu a siudy (SI) stiucb employed a generalized 
Debye* Falkenhagcn deaenpeton for tlv lOoic atmosplwte dynamical friction and GH 
theory for i)k rote It found that while indeed the atmospbete is aDeosi never 
equilibrated during Uv bamer passage and to a large extent is frozen on this time 
scale, the aunospl^re fnctional denvauona from Uv equilibrium solvauou TST result 
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i> oIkb seall Hie kssoa lor ihi< j» that, during ih« ctiiKal (nn«ti over Uw bamer 
top, fhete ujII iiot be art enoniMXj* charge <luf( and Uv ettauing etacirosuiK 
lateraetKd force ^nh (l*e diHose sDbospbere la mm large Tbis la Una an eianple of 
Uk sieak aolvauon regime diacaucd itt Sac 2 1' the rnyiroarau of ibe reacting 
aohitr la completely oifi of rquJibnum. bifi tlv coupimg to tM aoluK la aiiffieimUy 
*uk that tbe ayatem reacta deapite the botwquiliboiae cottfiuofti, and tvgligjble 
fricQortal impact on the rqmltbrium aolvauoa reauli enaiies 

Notwibeleai, tlwre can t« nontwgiigible anoosphere frictional raducuon of 
the rale eonatant the rlrcrrotyM coecmcrauoo la auffMiaitly high that the 

coupltug font fiBgntnide u imponam |SI) tihia rediKUon reipitrca GH ibeory for lu 
deactipuou: the tero frequmey fnction Kramera pmliciion can gtve an order of 
fiBgntnide too large a reducuen io the raKi 

l>iea« ptadicQona a»afi eapormcmal and aimulauoii confirmaiMn It la »orV) 
poioung out ihai Uk conunuom ton atmoapbere approach la betug paiahed to to bimta 
ai the elecirolyte concemrauona high enough to cause tlv pmUcted dynamical effccia 
on the rate, and it may be that a more loolecuJar desenpuon t< rMpiired to provide an 
acturaie accoom of dynaiBic aah effects cn reaction rataa [S2| For example, it is clear 
that 100 pairing effects are paramount in tow dielecinc cenatant aotvenia |S3). stiucb 
were excluded m tbe aiudy of Ref 5J. omI these may prove to be important even tu 
high polMity solvent Tfv entire area needs further aiudy, as dots foe example the 
closely related wea of charge transfer tevtions at eJrctrodea occunng in the presence 
of an elecvica] double bytr [54] We mention ihat fticoonal effects on rates are 
begiuning to be exaiQined in other toterfactal peobkma |55) Finally, we observe that 
CH tlwory could be exterwled to tevoons m enzyioea and in soLdx, but euwknOy tbis 
teetaina to be dsne 



6. (Onchidine Etcoutrks 

We have revtewed above Uv OH approach to reacuon rate conatanta in 
solution. togeUur with simple loodels that gtve a deeper peraptcuve on tlv nactiou 
dyuastics aad varMMis aspetas of the generalized frKtiooal inflivtKe on the rates The 
fact that the tlwory has always been fouMi to agree with Molecular Dynamics 
computet umulauon results for rcalitiK loodela of many and varied revtion types 
gives confidence Uiat it may be to analyze real experimental results. 

It may be that in the future some cases may show notweable deviations from 
QH theory and some funhec geteraliaauona |56) may be necessary In our view this 
IS 1 D 0 SI likely to happen for broML low bamer reactions where one should probably 
use a geue^ized spatial dsffaaional SmoluciMwaki approach instead. Howevei. it 
seems moat profitable to insread uow focus effort oo constructing useful iheonea for 
the reaction barrier heights - which, after all, are tbe most important features in 
detetmiuing the reaction rate constant - and more generally, reaction free etvrgy 
surfaces. For this goal one must tee the problem of deactibiug solute eleciromc 
smKiure in solution, under the uceicqoilibnum solvation condiuona that have been 
ssexsed UuotighotM this chapwr Sonw aspects of tbis ate described in the anide witb 
Roberto Bianco in ibis volume 
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VALENCE BOND MDLTLSTATE APPROACH TO 
CHEMICAL REACTIONS IV SOLCTIOV 



ROEERTO BIANCO AKD JAMES T BYKES 
Dep<PimeAf of O^fmistFy oftd Biochemistry 
VntrofWy cf Cohr^, BoaUer. CO 80309-02JS. USA 



I . Intn>dtictii»n 

111 (his cofUJibuliofu wc doicnbe and HlusiriJt the latest geitftiJiz^ofu and 
devel^cnents[l|«[3) of a ibeof^ of recent formuUliofi|4V|6j tor (he snidy of 
chenicQ] reartiens in soJubon This (heory cofobnea the powerful inler^ 
pretive frainewcA of VaJeoce Bond (VB) thecTy[T] — sc well known lo 
citfmists — with a diekctnc continuiun description of the solvent. The 
latter includes the quantization of the solvent electronic polahzation(5. 6] 
and also accoonl^ for nceiequiUbmun solvatioo etTeesa Compared to earlier, 
relaled elforts|4H6). (S)-|I0|. (he theory [l\-[i] includes (he boundary condi^ 
dons on the soJute caviiy in a l3shion related to that of Tomasi(ll) for 
eqdlibnum proWems. and can he a|^lied to reaction sysleou which require 
more than two VB slates for (heir desenpoon. naoieJy hmcJecular S^2re- 
action6(T).|S|(b).|l2Ul3| ^ RY ^ XR ^ acid icnizations(S)<a).(l4) 

HA ^ B ^ ^ Ni\ and Menschutkin reactions|T)(b). aoion| orher re- 

actions. Compared lo the various reaction deld theories in use|ll|.|15)^(2l) 
(some of which are discussed ui (he preseni volume), the theory is distill 
guiahed by ils quantization of the soJ^ent elecirooic polarization (which in 
|enecal leads to deviations from a Self<onsistent lioiitin| behavior), the in^ 
elusion of nooequilibnuro solvation — so iropwant for chemical reactions, 
and the VB perspective. Further hisloncaJ perspective and di»ussioo of 
connectioos to other work roay be found in Ref(l) 

The oudine of (his review is as fdlows. In Sec. 2. we highlight Ihe funda- 
mental equations and stniclure of the thecay Sec. 2. 1 moovaies (he choice 
for the functional form of the solute wave function. Sec 2 2 etf^ains the 
equation tor (he free energ)^ of tlw soJute plus solvent system in the nonequi- 
libnum solvation regioie. Sec. 2. 3 discuzses the corresponding Schrodinger 

299 




R aUKCQA^Cl/ T HVhffi 



2dO 

equooon The details of the fonmlaiiofi can bt fouj>d in (tef|l) (hereafter 
referred to BH4). (n Sec. 3. guided bv a (]cw chart which summanse^ 
Ciir cofDptuational strategy, wc devnbe the application of this formaJism to 
the distociaiiofi of f> in acetofulhJe in a two VB state framework reported 
in Kef(3) (hereafter referred to as arid tbcut on several practical 

aspects ccncerrtin| the ioiplementaiion procedure. To broaden the perspec^ 
Qve. the possible applications of our formaJism in a rwo aod three VB stare 
framework respecUvelv are sketched for both the ^^^bulylchlortde 5!^ I re* 
action system (Sec.4) and die Cl" 4 CHCl SfA reacUon svstero (Seed) 
We olfrr concluding remarks in Sec.6. 

2* Theory 

21. SOLUTE WAVEFUNCnON 

The system wave luncdcn ansatz is the liruar combinaJion 

l♦)■Ec.lOlPi'|} , (2.1) 

i«i 

where the crthceiormaJ |li)j are scriute drabadc electronic satci. and the 
(l^^f are coherent stales for the solvent electronic poJahzadon(6|. By 
taking the ftincUonaJ derivative of the systero free energy with respect to 
the coherent stales' eigenvalues ^ one obtains the e^cirve vlute wave 

fuoction with eqtulibrated solvent electronic polarization in the simpler 
form 

|V)=j;c,|0 . (2.2) 

)S] 

(Henceforth aJI sumcnaoons of indices j and / span ihe range (I. The 
wave foncdcei (2 2) is normalized. i.e. sl. ^d its configu^ 

ration interaction (C)> ftincUonaJ form describes best die idea of a scritue 
system represented bv a sel of VB resonance structures. 

In this context the term diabetic means that the character of Ihc charge 
distribution of each state — representative of a welMefined solute res> 
nance structure — is conserved throughout the reaction Indeed. Ihe elec* 
tronic structure of ihe con^onenls {It}] is assumed not to be changed by 
die interaclion with the scrivcnl the solvent ctTects are exclusively reflecled 
bv the variation of ihe coefficients wluch is lo say that the solvent can 
polarize the tcdule electronic structure over its VB stales 

The advantage of the wave ftinclion (2 2) over e |. the choice of a more 
familiar Hanree*Fock (HP) wave function is rts ease of interprclability. as 
wc now illustrate for ihe mbutylchlonde (BuCI) Shfl reactioo system|iO) 
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\bt wave funcliofi for <hi£ systeoi can be wnllen as a linear combinaiiofi of 
iwo VB stales, which re p resent the lofiic Bu^T and the covajent Bu^l 
resonance sirtictures. namelv 

> (2 J) 

The vaJues of Cm and detenoine the wei|hts of the respective con^ 
ponents. and reflect the relative subrliaoiion of the VB states in scUfticn: 
e { a polar aoJveru it etpeeted to alabillxe the ice^ic ) relative to 

the covalent Wsm n}* By contract, the HP wave functioo for BuCl is the 
(nonDaliaed) Slater deteriDioant(22) 

^ W>i^ > • > 1 . (2 4) 

where V = 30 IS *e nuoibec of electrons, i{>, = ajtd j5, * i9^^3 a« 

roolecular spinorbitals — ci and p are the spin^up and spin^lown hinctions^ 
respectively — and i is a molecular orbital eapressed 

as a Imear combinaiion of atomic orbitals In this hacnework^ the 

solvent would affect BitCI via the ccefflcients |cj. in ruunber^ while 

the atooiic wtwials are froxen components corresponding lo the (I/)} 

in <2. 2) The interpretive siorplicily of (2 2} compared to (2 4) is apparent 
This occurs at the cosl« however of a rdative lack of polaruabtliry on the 
part of (2 2\ siitte neither of ) and Ci) can be internally 

polarised by the soJ^ent But in fact the VB states are in general linear 
combinations of Slater dclenruruints [\kt (2.4), and their quabty is thus 
higher than l^&o) — f^ the same choice of the orbital basis set — since 
account is given, to soroe degree, of eJectron correlaiion 

Here we do not concern ourselves with the array of melhcdologies for 
the caJculation of diabaiic states^ and refe r the reader lo the recent review 
by Sidis(23) We mention, however^ a few procedures which seem especially 
apt to povide diabaiic slates in a tom roost suitable to our framework: 
tlW Diatomics-in^Molecules method (24«2j| — adopted in BH-ll — where 
ooly few vaknee eleclroos need to be treated explicitly^ due to Ihc use of 
poramelrK core potentials; the iinilary oansfomulion of a sel of ai wioc 
adiabolic (ground pJas excited) slates — obtainable from current quanlum 
chemistry packages — to a sel of diabaiic states with lltf required charge 
characler to describe Ihe reaclion|26^(29): and finally, the straightforward 
(bul computaiionally expensive) ob mtio VB approach|3nj. A complemer^ 
tary opoon for oWaining diabaoc states via ob wioc techoiqtirs is Ihe use 
of the natural ortnlals resulting froro the analysis of the electronic charge 
density of a standard HP wave funcQon|Jl|. Further references are provided 
in the brief survey in BH4 
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The soJute chiir^ dishbuliofi derived from (2.2X ^hKh governs die 
ijiteraction with the vlvent« is expre^^ as 

M' 

M= H WaP-t ; M =.V,(,V, + D/2 , <25) 

T»S I 

where die weights ((Eb*) — hericefonh all summations of indices m, n, and 
p span ihe range ()« A/] — are caJculated from the wave fiuKlion coeffrcients 
according lo the oi^piog 

= (2- ; m s iV^i- 1)- ^i(*- 1) + j , (2 6) 

Mih ) i i i i & j S ffi. ntd ^ ihe Kronecker delu The charge 
distribution components are die oiatrir elements pm * of the 

charge densit)^ operator ^ ^ 4 widi ^ and pntrc die elecironic 

and nuclear compcnerus^ respectively (the scalar ptm< oolv contnbuies for t 
equal to j because of the orthonoruiality of the {li)f M) Derived quanlilies 
such as the solute electric polendal and the electric field 

are equivalently paduioncd as 

^o=^*f-n^r 1 , (2?) 

m 7T^ 

with the obvious dcfuiidon «J^r^p«f(r^)V^r1 For instance^ in 

the rwo state description of fiuCl. the solute charge distnbuDon is 

pBuct = ‘‘^(®Pu*a*L3|4'ff.*cr ) 

+2c,^ce«i,(45^4f«j- 1^ <) 

To conclude this sub^secliorv we note that the Cl form of the wave 
funcUon (2 2) leads, via die mapping (2 6) frooi the coefrioenls {cij lo 
ihe charge distribution weights {w^]^ lo a computaiiorudly advantageous 
matm formulation of the free e nergy of the solute plus scriveol systerrv 
which we present oext 

k£ACTION SYSTEM HONEQUIUBRIUM FREE ENERGY 

The solvent oiedium ts characaerized by )ls static and optical dielectric 
constants^ 6 and rcspecdvdy^ and its polarizadon is assumed to be the 

sum of two componeoLs 

P»P,+P, . (2.9) 

where P< is the electronic (fast) solvent polanzaiion described )n a quantum 
mechanical fadiion(6)4 whereas )s the solvent polariiation component 
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due to (he nuclear (slow) foobons of the solvent. The solute is emtetUed 
in a van der WaiJs cavity — a smeoth asseoibly of spheres centered on she 
solule nuclei — canned into (he dieketne conlinuucn(ll). The cavity surface, 
closely roatching (he solute's molecular shape, constitutes a conventeru two 
dimensional domain in which to recast the formulas which account for the 
solul^solvent interactions expressed in lerms of three dimensionaJ intents 
In this context, (he solvent polanzaoon P is enters via the surface charge 
density 

(»sn-Pc<T^„ + 5e, . (2.10) 

where ft is (he local mwani normal to the cavity surface In (his partiboning. 
reminiscent of (2.9). is an electronic polanzaiion contribution which 
depends soldy on the bare solule elecmc held ^ whereas Svcoorpnses 
all the interactions of die onentaocnal polanzaiion with the solute charge 
distnbudon. Both and are expressed, corresponding to the solute 
charge disinbulion partitioning (2.5). as 



~ ^ > (211) 
m 'll 

where the componeoLs and are ^wffbriuM quanlilies. in the 

sense that they are etjuilib^ed to the corresponding solute charge disuv 
bulion components Qm For this amounts lo assumiog that an arbitrary 
nonequilibrium onentabonal polanzabon P# can be expre ss ed as a linear 
combination of equilibnum components Consistent with the 

character of the frozen inlemal electronic structure for the diabaiic slater, 
once and b^n calculated for a given nuclear geometry, their 

values remain constant, teth in the equilibrium and the nonequilibrium 
regimes of solvatioo^ (he |w«] rcAect the changes m (he solute elecrronic 
structure, while die [pm\ — whose values are in principle arbitrary — carry 
the infwioation about any Aviation from equilibrium solvation. They ooly 
becooie equal to the (wj»^ wheo full equihbnum solvabon holds, it is on^ 
then that the solvent orienlattonal polanaation is (hat appropriate for the 
solute electronic charge distribution 

Having defuied the basic quantities, we can now quote the ezpresston of 
the free energy ui the nonequilibrium solvabon regime 



(; = w-h-^ r w + d-AIw.i’+w.A' --w] (2.12) 

_w 9±'-S-K“'-i . 

The dimensions of the vectors (lower case) and matrices (upper case) are 
M and U xU. respectively. The hnt term has the structure of the vacuum 
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HamiltocDan ccntnbuticn ^noV) — the energy of the scUite in the |as 
phase« i.e the usu^l cutfNU of a quaiuuni cheioislry caUdation — ^ince 
V « b ft (cf. (2.6) for the mapping of to with 

the wei|lu& w detennj>ed from the wave ftuKliori coeffkieols mcdified by 
the scriuaon environment The final iwo. explicidv a^ependenl term& ere 
related cc the none^iUbnum ^olviuion and the a^^ociaied soJ^eru coerdi^ 
naie^ k iuid will be below The second term, in tmkels^ i^ assc^ 

ciated with Ihe qaandzed vivent electronic polarization. aj>d can describe 
the three poasjbk stuaiionz where the time scale of Ihe solvent electronK 
motions n (a) much longer than, (b) much shorter lhan. or (c| comparable 
CO the tioie scale of the soltue electronic rooCiorulbj. Case (a) cocresponda 

10 the Self^Conaiscenl (SC) hmit while case (b) corre^onds to the Bocr^ 

Oppenheimer iBO) limil|j. 6. 32). with the solvent electroruc polariiatioo 
equilibrated, respeedvdy. to the average solute charge diauibsiiion p (SC) 
or lo ils componerus Pm iBO) (cf (2 S)j. The relative measure of Ihe lime 
scales IS guuged by X|3). a furution of the wave function coefficieols and 
of the ratios Py ft in which s i^ Ihe solvent 

renormalized electronic coufriing matnk element The p^ compare the fre^ 
quency of the resonant interronvers)on between Ihe diabatic stales If) and 
I/), naoiely 21Mjyl/%. versus the frequency of the solvent electronic polar^ 
iiation (D^ (the peak frequency in Ihe solvent UV absorption fpecliuoi)|33) 
It suffices here lo sav that when X ^ 1 in G<2 12). the SC limit fret energv 

= r 9 + » , (2.(3) 

11 recovered. On the other hand, for G(2.l2| tends to the BO lioiit 

free energy 

(7“® = w.h- jw-l' -w.#-h . (214) 

in equilibnum form. is the free energy limit most frequently in« 
lecfaced to ob mtic quantum chemsoy packages|34|. while is more 
common )n outer ^here deccron transfer scudies|3j) 

The difference between arid resides in Iheir second leema. 

which comprise the interaction freo energy between the solute charge dis^ 
Inbution and the sdveol electronic polarization. In particular, die manu 
elements of V are the cavity aurface integrals 

II 1 , (2 15) 

with the eleoients of the vector P defuied in lerma of ( 2 . 1 $) aa 



( 216 ) 
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The vajwo^ ij>dic<s displayed here — and in the eqaadens which 

foJIow — m calculated via (he wave hincdcn cha/ge dialributiofi nuipping 
(2^) trjm the approphale indices {itt BH^I for deuuh) The 

recline intenoediaie teiween the SC and (he BO Iiidiu requires (he solvent 
electJDfuc poJanzaden matha (cf (2J2)| 

A* = ^S:E(<»v-5)A'(iil . (2 I’> 

A. , 

where the elements cf the second rank tenser are defined a^ 

• j) = Atv» ( ) - Av- V " ^ C'l" 1 

With the polanzablily matna elements and the term Q functions of 
both the factors pi^ and the coetTicierus jc.j. and (he solvent eleclrooic 
SiiscepdbUily defirtfd by - I ^ (BH4 should be consulted for 

a deoiled discussjcn of Oia which connects oricnotional polanzadon and 
cleclhc field componeobj 

FinaUy. (he las< na^o ceruu in G<2J2} account for the efiects of (he 
solvent orienlaticnal pclaruation in (he nonequilibnum scJvaoon The ma« 
(jia i\ (he inverse of the solveol oriemaiional polanzaJion interaction 
energy matha whose elemerus are defined^ analogously co . by 

. C219) 

(We note in passing that both and are s)^mmetncj The collective 
solvent coordinates s are defined bv the scalar product 

s^r.p . (120) 

such that each solvent ccerdinare has die form 

'221) 

In words^ describes the interacUon of the solute charge distribution com^ 
ponent with (he arbitrary sdveru orieolational polarization mediated by 
(he C9vtiy surface The arbitrary weights pr^iouslv defined by (2 11)« 

erUer accordmglv the defiruoon of (he solvent coordinates^ and reduce, in 
(he equilibrium solvation reg)me« to the weights (w*). such diit the soU 
vent coordinates are no longer arbitrary^ but instead depend on the solute 
nuclear georoetry and assume the form ^ s w^. In equilibnujiv the 
solvent coordinates are correlated cc Ihe aclual electronic strucrurc of (he 
solute, while out of equilibrium thev are nol. 
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To c^culate G (2.12). in addjoon to the various oiackes iind veciccs 
wc have de^nbed. wc need Ihe weights denved from the coeftideol^ 

{ct\ of the wave functiofi ai scMicn: the latter are oblair)ed by sclvin| the 
^prcpnate eigenvalue e<]uation. discti^^ to the next Section. 

2 J SCHRODINCER EQUATION IN MATRIX FORM 

The ccefficients |cr) in soltfOcn cormpond lo the global mntmujn of the 
free energy (note that thi^ ia not the equilibnam aolvation condioon). and 
^aiiafy the svaieoi of e^adon^ 

^(G-£(^^-l)l =0 ; 1-1,1 .A., (222) 

4nth £ the Lagrange multiplier for the wave function nonruJiaolion condi^ 
Qon. which lead^ to the eigenvalue equation 

HC s EC (2 23) 

where H is the Hamiltonian matrix obtained by taking die derivative of 
the nonequilibcium free energy (2 12 ) with respect to the wave funcoon 
coeffkienls. £ i^ ihe diagonal matm of the energy eigenvalues of the sysieoi 
in solution^ and C is the maifix ot the eigenvecccn. The lowest eigenvalue 
II the adiabadc ground state energy of the solvated solute — tfcsonguished 
from the lotal free energy, since the selNnlecacdon term of the solvent 
polanaaiion is absent from B* The matrix elements of H are 

— with the mapping m ^ ti/) Here and are SC and BO 

Hamiltonian matnx elements, respectively, while whose expression is 
somewhat complicated, onginates from the derivative of the terms X and 
w ^ w in (2 12) with respect lo the wave hincdon coefficienis. We 
trace the ongin of die various terms in and by examining the 

expressions for (2 13) and (2 14): tknves from v * h and the 

arbitrary solvent coordinate Sm derives from the s^conlalnmg leems in die 
free energy. Finally, the lenns conlainmg and i^ derive from the solvent 
electronic polarixarmn interaction, and are disonclive for the .SC and BO 
limits, respeebvely. The limiting behavior of Hf for cither X ^ I or X ^ 0 
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flUfTOTT thst of G (M2) |cf. (2 13) »>d (114)) In the .Schrodin^er 

equation ifi nonlinear^ since ibe inleriirDcn with the ^critue depends on the 
solute chuge distnbuoon. which itself depends oo Ihe soJ^ont 

The solutioo procedure of Ihe 4|eoeTally nonlinesf) eigenvalue equation 
(123) is similar to that for the HF equations m vocvo; at a chosen solute 
geometry, one Rxet the valuet of the solvent coordiruiies is^\* attigns guess 
values for the [ct] and coostrucls the weights (<kf. then uses Helr^to 
calculate the inatnx eleoients and and finaUy diagoruJiaes 

dte oiacna H* The eigenvector of coefftcienLs \ct\ corresponding to the 
towesc eigenvalue £ is used as Ihe new guess, and Ihe cycJe is repeated 
until convergence 

Although in pnneipJe one could cheese a set of artHlrafy values foe the 
solvent coordinates solve the eigenvalue equaoon 42.23). and com« 

pule the free energy (2 12). in practice a preliminary aquaintance with 
the equiUbnujn soJvaiion picture for the target reaction tvsieoi serves as a 
computaoonallv convenient doorwav for the caJculations in the nonequilib^ 
rium solvation regime We shoH* this Moh* in Ihe seeden dedKaied to an 
illustratioo of Ae method foe a two state case reported in BH^II 

3, Ij ^ I > in acehmilrile 

The Ij system has teen invesogaied expenmentaUy. theoredcaUy. and com« 
putatiooally by several groups, as a prototype for the study of disscci^ 
aiion and recombinaiion dynamics influenced by the interaroont with a 
surrounding solveni or cluster of soJveru molecuie5|9|.|36|J4l] The system 
can be effoctivoly modelled by two VB suies|9).|41). which allows a focus 
on several key aspecis ot the implemeruaiion of the theory, without being 
hindered by the complexity of a multistale calcuJation. The impJementa^ 
tioo steps are conveoiently coliccled in the How chart in Table ). to which 
the rea^r is reforred to for a comprehensive overview of cur strategy. AU 
(he details of the calculation are reported in BH^II The effective wave 
funcUon for the fj reMOon system can be written as 



f , (31) 

which corresponds to repesenong by the two resonance structures 11^ 
and ^I. the sate of simfriicKy. we skip over the details ot Ihe calcula^ 
Uon of the diabaiic states energies and cleclronic resonance coupling, and 
consider here and henceforth both (?//•) and \9 n) as orthonormal di« 
abaUc states, by referring to them as II) and 12). re^^ecovtJy It sufflees 
to say that their charge character is highly representadve of the resonance 
stnicrures (T and ^0 
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TABLE I AJgomm f1o« 



• GAS PKASE CALCULATION 

1 8lecMr> oT the ±dbotic cuw (^| 

2 onliefoaa)(Mon ^ S ^ |I0). & = 

2^ lEjroillMiufl r?WiK in the oril>ofoa3od Mis 

4. cM|< Attnbution coropeoeru Pp • ^ ^ 

4 SOLUTC SOLVENT IHTE6LACTtOt< ENEROY MATRICES 
i 8jrfM ctivge Mioi) LMT^p09fiis ^ ^ 

A tfieoLDOfi W9VKO 1* . i* . I* . K* 

4 EQUCUBRIUM SOLVATION REOtME 

? esiiilibntfT> ScMdr^ H^|R|C^ « ^|R)C^ ^ w. 

L es|jilibnu5T> Cne eo8|x suffoce C^R| 

9 Mural sK'^nt CMr^inoM I s T i 

30 Mrttnic appmjTULon <7^ s ^ K, it * i^)/l 

31 cmtAiM 0Aa3xftf oT (Cr). \^\* M (its) Jl9| M BSP 
3L 8lecMr> the celrvorv Tianrjl sdv^nl coonBrMM |im) 

4 NONEQUILCBRJl^M SOLVATtON REOMB 

13 

li nonequJihruro Seto^Ar^ge emotion }||R. i]Q • B|R s|C 
IS s 

14 nonequJihruro C|IL 



Concerning Ihe thjte charge distribuocn components reselling from 13) 
and 12). hm we only need to mnll that P] s (ll$ll) and pi a (21^12) are 
symmctncaUy rtUled along the \i bond direction, nnd thai the oxcluinge 
riMTse distnbtftion pi & i^ average imich smoJIr in modulo 

than both p\ and pv oleclronic resonance coupliog p « ^|[^^2) s 
-(2l/?iJI) and the degenerate diabatic slates' energy a s {ll^<^ll) s 
<2lA.I2) are reported in Pig 3 together with the overlap S & {^ 31 ^ 2 ) 
the original. nonocthogonaJ. charge^locaJized VB slates 1 ^ 3 ) and [^ 2 ) — 
obtained by a semieoipicical rDethod|2j| — from which II) and 12) were 
derived The vaoiam adiiibatic ground state energy for the wave functioo 
(id) IS smply £ 9 CK ^ P Tbe stabilization displayed by £ with respect lo 
at 3S due to the electron ^localizing effect of the resonance coupling ^ As 
the nuclear separation A 3ncreaset. ^ decreases, and k ^ <t The quantities 
CL Pi. P 2 BJid Pi provide all the necessary ingredients to 3nhiate the 
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caUdiiiion to soJifOcn. 

To calmlaifi the Micfiice cluifge deiuioe^ aod (2 11))^ or>e 

Ilq^ to solve numruall} the integni equadcn^ on the sdute cavity surface 
dofDain() 1) 

.T"'( 8 j=cr:r( 8 ,) ; f« 

l*J " 8 I 

< 7 ,"(*;) = w-ri-Ens,) ; u^=— .- . 

jl the ccoler y of each c^vicy ccsseriu w)th n die inwani normal in y 
lo die cavity. While C?p resiJls directly from the solution of Ihe integral 
equ^ion (3.2) widi fi> = fvoe ihelf iissociated with a cor^ 

responding eqaiUbniun condition^ nnd is oboined by first solviog (3.2) for 
the fully equUitemd con^nent ((0 & X^6). and then taking the dif^ 
fierence The surface integrals /i^ (2.1$) and (219) 

are then numencaJIy apprutinuited by the sumiruuions 

iSu = 

where N 9 is the total numter of tesserae tiling the cavity, and A, is die 
area of the tessera centered in s> Prom I* and one Ihen cakulales k 
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( 216 ). (H7). And & (I^ ' : tiU Aa/nc^ veacn H$ed to 

be c^lcub^t$d offiy once at escJi iryc/^df gecMetry. 

In the equMibnum sclvaoon re|ifDe. the U ^crivcnl ccerdmatt^ arc noi 
ajtHttiify. tut arc hu>c6on^ of (he solute miclear geometry, since the soivcnl 
cnentaticnal poJarizaocn is equilibrated to the soJutc electronic structure 
j| each tuch ^eomUy. Ov strategy i^ cc e>;plon this property to gain an 
insight on the solvent coordinalet" ablily lo couple lo the sohite elecuonic 
ttniclure. and then ^lect only the sensiovc ooes. in such a way to reduce the 
tolveni coordinates' rruinifold for tbe rvonequilibnum caiculation without 
sacrifice of arctffacy or conlent. C^eraoonaJIy. we ^proamate the free 
erwrgy (2 1 2) in the neighborhood of the equihtnum Ovation path 
— along whkh t s ^ ^ by lU Taylor expansion 

Ga<7„4 5le-s.,)'K-(s-§,,J , <3.4) 

With ihe solverU force constant matria K with eleoients 

(3 5) 

Due lo Ihe invanaoce of the free energy (3.4) — and also (3.12) — to as 
orthogonal iransformation of ils constituent oiatrices and vectort. we are 
allowed lo carry out thk analysis in a more convenient solvent coordinates 
fraroewort. 

The transform ail on T we adopt it induced by the wave furveUon nor« 
malizaoon condition whjch. in terutt of the weights, reads wi + wj s 1 
From it is apparent that if T sends the {w«) sel into a new set 

(Wftf with wi s wi + W) A I as one of its elemenis. Ihen both the Irr^t 
row and the first column of tbe transformed poiarlxalion component of the 
soJvenl force constant matrix T . T (T'« f) are zero, since 

the derivatives of are lero Given the normaJizaoon condition and the 
orthogonality requirement — with the latter conserving the original gouge 
of the solvent cooediruuet ^oiework — one can calculate T for any number 
of diabaiic states(42) The transformation for the rwo slate case it 

/ l/v^ 0 1//J \ 

T= 0 1 0 T T = 1 , (36) 

V 1/^2 f* -l/V? f 

and it yidds the noMal tolveni coordiruues 

■ (3.7) 

^ (*i - 
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J 1} )r> jcMoftnle^ Arfjcc Cortf Ajr^ )r> kA3 mo3^. 

w)iJv ilie «rMr^ vT llie seporMd / jr^i ^ ^peoex os a nfeivorc Tbe lioe 

cunin^ xrns the eceitQtft r^pwMrtfs the ESP 



The termincrio^y saAira/ here mi henceforth reform to the u^e of the wave 
hioctioo nocrnAJiziiiJOfi condidcn inspinog the consDucticn of the roouoo 
maihx 

T combines cniv the solvent cocrdinole^ corresponding to the d)ag> 
naJ components of the charge distributions: )n fact, tbe positions of the 
eJemenLs suktiy match the labelling of the charge distribution cooi^ 
ponenis jp^]. In general (he ofMiagcnal solvent ccordinaies are reJativeJy 
less ioiportant and can even he neslecced in a Rrst ^prcaioiaticn(9j. The 
radcnaJe for (heir exclusion is the minor concibulion of the ofMiagonal 
charge distnbsioon components reliiiive to the diagonaJ ones: the liirger 
on average the charge distnbndon. the stronger the interaction with the 
solvent poJarizadon. and the owre important the corresponding soJvent 
coordtruue 

The neat step ts the analysts of the behaviour of the wave function coeffV 
cients [ct]^ die natural solvent coordinates s s Xa« and the corresponding 
diagonal elements of the transformed solvent force constant matrix \K^] 
aJon| the BSP For perspecD\o« the EBP is Ttponcd in Pig superimposed 
on the full nonet^tulibnum free energy surface for the I j reaction cysteoi in 
acetonitrile (the Juslillcation for the coordinates' choice tt and i) will be 
given below). 

We start by recalling that the framcwort: of diahatic slates depicts a 
cooipetidon in solution between the electronic resonance coupling fi — 
which tends to delocaJize the soJuce electronic charge — ar>d the solvent 
poJarizadon — which tries to localize tu to better solvate the reaction sys« 
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tem AJcn| Ibe £SP« bs the ifuemiickv s^vstioo incnv^ti from 
3 2 A« dw equilibcuun bond length )n the g£& pluiM (cf Pig.l)« 0 decreases 
The elecUooic structure renujns delociJised up to ca iA 

when 12) sorts beu^g sharpiv subrlised^ iis indicated by the increase of (he 
value of ^ while (he contnbuocn of II) to the wa\e function decrwet 
logelher with (he vaJus of |Fi|3(a)) (Obvioualy. the reverse picture 
IS possible^ due lo (be syrometry of (he reaclion. wilb stales II) and 12) 
etchansing their roles ) Af the seme bend te^rph, the natural solvent o 
ordinate relaled to ^ displays a sharp vahaiion 

|Fig.3(b|) — while both and through that bifurcation poinl 

(inaffrctcd in (heir monoloruc tehaviour — and reaches ils onnitnum 
value |Pig3(ci|. It ts this com/^f^t wiaticn cf and 

that pomn cuf es As sole imporlMt solvent coordinate, due to to sensf^ 
rrvify. to dsscrd>e ncnepnUbriwn sohaSon ^ecss. and jujtifies the choice 
of coordiffotes Jor Fi^2 The insensilive solvent ccorduiates n and ss are 
Hxed al their equilibrium values for each giveo A (Of cotuse^ one tnighi 
anticipate this conclusi^ ahead of lirDe|9j. The present analysis provides 
a systerruitic basis tor the decisioru which will be indispensable lor mulo* 
l^e VB state sysfeois. But even for two state systems^ the sitnplilicaoon 
possible tor 1^ will not always Ixridlfi) \ 

We now give the rationales for (he behavior of f and aM 
their associated solvent force constants £ u and ITn 

ar^ All turn out to be insensitive to the variations in ar^ 
because T has removed every ^pendence on the charge distribution weights 
fnm (he matrix eletnents and these then orJy carry the effects of 
(he solute cavity geometry on (he free energy via iltf matnx eleroents 
at a lixed total charge, aod this is not a strongly varying effect 

The reason for (he insensitivity of and appareni in Pig 3 is to 
be four^ in the weak interactioo of the exchange charge dutnbuoon p 2 — 
vanishing for large inlenuiclear separao^s — with the solvent polaruation 
(his IS also responsible for the very large value of irofriying that the 
solute ekctraiic structure cannot evolve along i;. 

We ntnv focus on the teluiviour of Am On apfnachuig (he interou^ 
clear separation of iA A, fro m below, the delocalizing electronic resonance 
cosipbng 0 IS quickly decreasing, and is no longer able to prevent (he locals 
ization of (he extra electron by the solvent polarization, corresponding to 
(he anainment of (he mirumuoi in ^ indKation that the evohitioo 

of the sysleoi along s^ is no looger restrained by a restoring force. After 
the transition, d>e wei|hts of the two VB stales vary oioce steeply, and 
which is attuned lo the difference charge distribution pi ^ pi. vanes 
accordingly. The increase in past 3,4 A is the indicaii^ (hat the elec* 
(rooic structure is being constrained in its new, charge*lccalized slate 




VAIACC KlKT l.aiL1irTAl^ Alf 



m 




Afw X 1} jMtorttiniff ESP oojI)m» Cot the ieleciioo of Iho sviveoi <ccr^rttle& 
lei Wsw PuouiAO CMteCTicieou wuJ ^ (b^NAffjl MK'eot cv9tliruMj« (c) D^^cvul 
eOTwiis oC Iho so3yvt fcvcv oorwiiefU te\w( IC 



by a restoring force Al ebout 4^ A« and atlsin an a^yinp^ 

lobe behaviour, whose onset involves the qiuisr<ofnplctnn of the charge 
lociiJiaaiion on one of the iodines. 

BH^U ciin he consulted tor a disnission of the numerical imporunce of 
(he (quantum treatment of the scJvent electronic polariaalion (t snfRces to 
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note here that an SC treaoncnl ha& the interettnj tjualitaiive failure that 
It incorrectly predicts rtuu has a localized eleclrooic suucture at the 
equilibrtuoi leoroetry 

Finally^ it it \ery impcriant to stress that the £SP it different frcoi 
die soJtfOcn reacoor^ padi t.SRlO the U reactno sy5tem|9)« which is 
a much rmre faithful indicator of the reacoor^ dynanucfi. T^e is for 

euimple cniicaJ in underttandini the vibrational rdaxadcn behavior of 
the systeml9)44l) TItf ESP wiy linde itfi use. illustrated above, in help- 
ing decide which solvent coordinates should be considered as independent 
variables in the nonequilibcium cakulatioo. and which solvent cocediruues 
should instead be fixed at their equilibciucn values 

4. The (CHj)jC^Cl ^ (CHj)sC* a Cl ^^1 reiKtion s>^km 

lo this Secdoo. we sketch how the methodolo|y of the previous secSon 
could also be applied lo the iwo state BuCI reactioo system we inrroduced 
in Sec. 3.1. (Rcf(lO) should be contuJied for a hitiory of die problem iind 
an account of the unconventional conclusions that result fioro a VB aiuJ* 
yss ) The BuCl wave function can be wnoen as the linear combinaiion of 
orthononual states (cf <2 3)) 

. (4.1) 

with the correspondence 

1 1) ' 12) — (4.2) 

For the gat phase part of the calculiiiioru one hat to calculate, at each 
solute nuclear georoetry. three ekmenis of the syroroetne Harrulloruan ma^ 
trix. ruimely (H^ 0 ll)> (Ild^lS). and {2l^iJ2). with the diagonal elements 
corresponding lo the diabatic energies of ) and retpec^ 

lively, while the ott^agonaJ ooe to their electronic resonance coupluig. 
Accorduigl)^. the two states give rise to tels of three ditterenl charge diatri^ 
bmiont. weights, and solvent ccerdinatet. reported below in any form to 
stress their astociauon (cf <2 6)): 

(1 \ka\ (l|/Vo|2),pi,4I>5.8j 

The calculation of the matrket and — and their derivatives — follows 
the procedure detailed in Sec 3. and it dnit skipped here to dedicate more 
space to the natural solvent coordinates issue. 

In the gas phase. fiuCI would undergo acid eliminafion(lO). but in 
lar solution die Bu* and Cl ient are produced in a heterolytic fasih 
ion This reflects the strong .solvent .stabilization of the ionic ttaie ] 
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cw should of^ect tbst. Blcn| (he ESP al Buffioenljy intee^ 

fUKJear sep^faDofu (he scriveoi will ovffcofne the deiocalizing effects of the 
eJectrofuc resonance couplings and locdise (he solute charge dismbution 
P ft Wif>i ^ Wifl: 4 to P ^ Pi 

1 he rwo slate orshogonoJ tnnsfocrnatiofi i3 6) yieJda the naniraJ solvent 
coordinates f\ s (xj4T))/^3« h ^ S 2 , 2\ ^ By assuming that 

(he ofMiagonal charge distribution ccnTporwnl p: is far less loipwant dun 
the djagorul components pi, and p\, we disregard the offnliagonaL natural 
solvent coordinaie and focus instead on (he diagonaJ ooes« which we 
now discsiss. 

The tmnsfcnned weight corresponding to s, is the wave funcdon (4J) 
nofmalizaoon condition wi ft wi^4 W) s L Thus, the solveol force cot^ 
stant mainx elements Km\ and m ft |I3J, bear no dependence on 

the solute electronic slnicture. since (heir cooiponenls and are 

aero |cf, l3,5)). Then. ii cannot couple to the solule electronic sinicture. 
and )s uruUe to oioful^ any rearrangemeol — due to ihe variation of die 
ccefRctents Ci and c — of dw solute total charge distribution p By con« 
nst, S) )s assoaaled with ^ cj^H, and is therefore 

sensitive to (he relative change of the weights of the states II) and 12), 

Wnh these insights on the meaning of it, we now outline a possible 
outcooie of (he ESP analysis for the two VB state picture of dtf BuCI SwI 
dissociation Let us imagirw foJiowiog the reaction from the solute equib^ 
num geocnetry, where the BuCI lyUtm is largely electronically kcaltzed in 
the covalent slate 12), It is reasonable to expect that the product of the 
reaction will be well represented by the single resonance structure Bu^Cl" 
Thus we predict B) • to rise in energy — and its weight to 

decrease — as the dissociation progresses. In the neighborhood of (he tran« 
siOon slate, (he sj^stero will be described bv a resonance mixture of both 
12) and the ionic Mate II) ^ ^su^a*) Subsequent to this, the solvent 
polgju^ioft dwuld overcooie, along (he ESP, (he delocaliziog effect of the 
electronic costing (llA^2) — which ensures a contribution of 12) to Ihe 
wave function, and die system will be described solely by the ionic state 

In view of the above discussion, there should be a dip in and a 
sharp vanooon in r • in the neighborhood of the transition stale, where 
there is approximately, although not exaclJy, a 50^50 mixture of 

Hence, we conclude that the nonequilibrium solvation free energy sur* 
face for the BuCI Stfl reaction lyUtui ifi a two VB state franeworh would 
be well described as a function of (he bond length C^CI (assuming the 
geomeUy of (he Bu group is fixed) and of the rulural solvent ccordinaies 
I. The nalural solvent ccerdinates i. and 1^, on the other hand« would 
assume their equilibrium value at (he given nuclear conliguraiioo. Indeed, 
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ibis WHS ssuMtd )fi the eoipinc^ rwo VB statt approach of ftef(lO) 

S. Tb€ cr 4 CH>a^ ^ aCH> ♦ a - S^2 n^aclino sy^Wm 

In thi^ wtK)o« we sketch the nature of (he three VB uate ftvne^'ork as a 
leoiplate lo descnbe b3mclecalar nucleophilic substicuticns IX 13 ). 

Ald>oo^ il remains lo be seen it three VB slates are suflicient to de^hbe 
ibe thle reardcn system in scUiticn. this is sdU a tiaeful additiofuJ exeense 
CO expose the rcaaonini tu>derl)^in{ the practical apfriicaoon of our theory 
The wave funclion to deccnbe the reardcn 

cr 4 cMsQ'^ ocH, 4 



can be wriiten as 



l *s^i) = Ci I* ) + Oi |2) + c^|3) . tS2) 

with ibe ascociaiion among the VB scales, the resonance slmcltim. and 
Ibe other related quantities 

11) - 

1 2) - Cr/CHiCl' ^ {2\HA2hp,.v^^,04 . (5J) 

|3) *-• CiCJJ^/Ci'- - <3|fj8),,>».«t6.*6 

where the bar means '"no bond"" 

In Ref.(S)ib). an appruxinttlt ch*o slate description of this Sh2 reaction 
was given, m which the triple ion state II) was excluded (and incident 
tally, it was found that there could be quite lajge deviadons froro either an 
SC or BO picture of the ESP). As it was pointed out there, while h was 
not strxctiy necessary to invoke the involvement of state II). availaUe vac« 
uum adiabadc calculations|44) of the evolviog charge distribution pointed 
strongly to its involvemeni in the reaction transidon state region, where 
ihe positive charge on the cartion is larger with respect to ils value for the 
reactants 

The three state cnhogonal trvtsfonoation to the spare of nattual soU 
vent ccerdinaJes )s the 6 x6 mainx (see BH^I) 
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By assilfning that the cff^ia|OfuJ char^ disuibuliofi cofnpcr^errt^ q\ 
and are far ifDportant than the dia^onaJ components P^ Pa and p^ 
we disregard the ofMiagoGal natural solvent cccrdiMCes Si h and h — 
left equal by T lo the ctajun| solvent coordinates a> Sy, and s% — and 
tans instead on Ihe diagonal ones« resalting )n the linear combiruuions of 
the onginaJ solvent cccrdijtates 

, (5 5) 

^6 = ^ ['^(^« - "’*> + 75 t*» - 
which we now discuss 

The natural soJ^ent coordirtaie 1| corresponds ic is ihe noruial)zaocn 
condioon W| ^ WiAw^aw^a I for the wave fujKUon iS.2\ and is 
anable to monitor vanaiions in the soJute electronic structure tor the rea« 
sons discussed in Ihe previous section. By contrast. ii is associated with 
S ^r^d IS iherefore sensitive lo the rela« 

tive change of the weights of the states C) Cr I CH^Cl and 13) - 
CICH$ / On the saoie basts, we can ascribe to &s the oioniloring of 
d>e charge disinbulion rearrangements which involve the tnple ion state 
tl) ^ Ct / / Cl* via the wei|hts' differences wi - Wi and wi - wa. 

Il IS imporsani to rwtKe that Ihe assigned ordering of dte VB states in 
(5J> matches ihe syoiroetry of the natural solvent coordinates (5.5) 

The first quevoon to be answered in the atcve three state framework 
by an BSP anaivsts along Ihe lirves of thai in Secs, i and 4 is the following 
In the neighbcrhocd of the reaction transition state, where by syoiowcy 
the contnbuoons of the single ion stales 12) and 13) musi be equal, are Ihe 
relative energies of II). 12). and 13) and their mutual resonance couplings, 
such that there is a significanl mixing of II) into Ihe transition stale elec^ 
tronic struclure The most extreoie manifestation of thu would anse in 
the event that at the iransitioo state, where the VB states 12) and 13) are 
^generate, the free energy of II) lies below those degenerate values then 
an irUermediate well could anse. The answer to this and other questions 
should be avaUaUe in the near future(l3) 

6. Cooclodlng remarks 

We havo |iven some highlights of a Iheoty which combines the familiar mul* 
tistaie VB piclure of a molecular svsieoi with a dicleciric conlmuum model 
tor the solvent which accounts for Ihc scriule's tcundaiy effects — due to 
the presence of a van ^r Waals cavity which di^ays the solute's sh^c 
— ond includes a quantum roodel for the electronic solvent polanzaiion 
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Tlw tittofy cspable of de^nbing both the re^me^ of eqiulitaiiifn niid 
nofiequiiteium soJvalion for (he lader we have develc^^ed a frmework of 
natural solvent ccordinate^ whKh |reatl) help^ the of the reaction 

^ysieoi alon| the ESP. and di^play^ the abihry lo reduce considerably the 
harden of the calcdiuion of the free energy surface in the noneqiuliteiam 
solvadon re|ioie While cnuch remains to be doftf in practicaJ implemenla^ 
Oons for vanous reaetiook the theory should prove to te a veey usefril niid 
pwUcaJ descnpdon of reucdons in solution. 

The noneqiulibrium free ener^ surface obuuned aJong the lioes de« 
scnbed atcve ciifi be used to iuuJyze reuctioo polhs and lo calculaJe re« 
flctioo rale con8taots|S|J lO).|43] For this purpose, a further aspect has lo 
be included the provision of the kinetic energy of the sysleoi. encoropass^ 
ing the relevnol scritue nuclear coordinates and Ihe sol^onl cccrdinales. In 
general, this is best accomplished by an ^propriate seeling of the solvent 
coordin^les so that the lunelic energy is diagorul. or nearly so. As e resuh. 
there is no kinecc coupling bet^^een the vanous momenta and the equations 
of motion are roost simple!^). | lO. 43. 4S) Together with the free eoergy hy^ 
persurface. this provides die .Solution Reaclion Path (SR>||8KI0).|43) — 
the solution phase gener^izaDon of the gas ph^se reaction path due to 
Ftikui|4d). 



If ooe wishes instead to follosv the explicit time dependent dynamics of 
a reliction system on the global mulDdimensioruJ nonequilibntim free en* 
ergy 8urface(4?). an additiorud logredienc is necessary. This aspect derives 
from the faci Ihat the present nonequiliteium free energy description is a 
nandissipative treatment of Ihe solvent|6. 43). Thai is to say diat together 
With ihe kinetic energy mentioned above. <2 12) for G provides a dynowc. 
althosigh nondissipaove. Hanulloraan description for Ihe solute nuclei and 
the solvent coordinaies(43): but no frictional damping of the solvent coor« 
chnates is included For many chemicaJ reacDons involvmg modest to high 
barriers, this is an excellent descnption for reaction rale corutarus|48|. since 
reaction transmission cceffrcients depend only on shart time dynamics ar^ 
friedon on the solvent coordinate does not contribute (see the conlnbu^ 
tion by Hynes in this volume) It is also a completely adequate descnption 
for obtaining the .SRP referred lo above. But tor very low barrier reac^ 
tions[49) and for ex ami notion of explicit dynamics over the entire surface, 
one requires explicit introduction of a generalized friction for each solvont 
coordinale|SO) . This generally complex pcc<eduje is best discussed in the 
contest of specific reaction cases, and is a topic fen future developments 
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I. lntn«lucUon 

In (&I9 chapter a aaantuse mcchafucal af)f)roacli ertcoeipaMing solvaoi efCeci< ard 
dieiDical raaojoA< is akeulKd afvj disctjssed T}v (hcorv of solved eflecu ott die 
elecrrooK sirucrure of a given solota leads to a Nueseoiaiion oC (he sii^sysieiD 
MDt«dled in a larger one «'i(h ihe help of effective Kamiltoruans ^ave furKQoru and 
eigeavalvea. SjiKe die wtiok elacinMiic system is qiunium evchafueal la usture. arvl m 
piincipk noO'SeparaUe, the theory foi die grourvj eleciroruc slate penoits tkCmiog uiadei 
wtiKl) conditions tlv sotiite and solved separability is an acceptable hypothesis This 
pioblem has been esieauvely addressed lo peevious svoiA from oor group [I-6) and by 
many others [7*IS| In order to set op tbe stage for a t|iianiuni mechsaical analysis of 
solvent effects aod chemical reactions, in Section 2 is sumsDarized the theory of n* 
electrons and m*auclei «ith special emphasis on possible shortcomings of the Coen* 
Oppenheimet fraevaoik llnic depeiadrni phenomena is highhgthed In Section 2. wc 
go a step beyond pcevioia «ave mechaoical treasmenis of solveni effects by expliculy 
iiKhiding a ume^pcivlenc approach to solvent dynamics aivj soUiR'Soiveni coupling 
Solvent fliKtuaiion effects on the solute tediive propeRRS caa thence be discuQed in a 
more natural framework svhicb includes, as cspectat caacs, nsosi of die I -dimensional 
modek corranily avaibble The approach to theneal eqmhbrium is cxamuvd from this 
puspccuve T^me depcivlent effects are also introduced in Secuoa 4 ahete a quantum 
mechanical theory of chemical uiierconversions is deacrihed 

The scpvauon of a rexiani sysaem (soluiet from us cnvuowDeoi with tlv 
conse^itfnt coiMpi of soivcni or surrouivling medium effect on the eleccioiuc pioptrtics 
of a given subsystem of iniemi as gciwial as the quaatom sepdability theorem can be 
With Its uunnsK hmiiations the approach applies to the desenpeton of specific reacting 
subaysteses in ilvir paruculai vtive sues as they can be fouivj in condensed phase aivj in 
media mcludiog tlv rather specific environnvnts provided by earymes. catalytic 
antibodies, zeolites, cUisten or tlv less structured oiws fooud ui non-aqueous and mued 
sotvenis [ 1 . 2 . 6. t II. 12 , 14-»| 

Before considenng the analysis of solvani effects on chemical reactions, some of iIk 
shortcomings of potential energy hypcrsurfaces as a tool to desente domical process ve 

2ii 

0. bJJ. toM i, OAVtf IWflWW, ZsJ loi 




0 TAfUCTAL 



3A 

discuucd jn ««ctkOt 4 A cbcnunl Kscuoti is vjra.'M (Ikk u a fuiMbmatiat (luAMutn 
iMchanacat of uate It la coAvaoirfii to diautt^oiati bat^ten Uk e»^ (global) 

Hamiltooiaii H ard ilw fbolacoJar Haeuliotiiatt He Tlv )aiur is obuiMd fme Uw Bor> 
OppcelKitncr a^o^b. ^Iiich for a ayatetn Itavjog a tnuunwin mrtgy ^nti retard to 
vanauooa of ib< niKlaar vanabln, le^ to iboda)a foi (Ik elrcvo-oockar Ai*cnjaiMfi« 
around the aiaitooufy pom 'nieta art coafiguraticnal pouua for wtiich Uw eircvooiKkar 
fhjctuaiiotii; »4ajo only netted atatn. l^st are <add)e poants of aoy iiidti wiiti reaped 
10 varutiooa of oiKlaar cooMittaica. No ground state eon M aotgrted to a saddle potnt of 
ifidti (t>^ (SPt'O) TIm overlooked f^ is tlut all quantunt siatea of He isviib and 
«iUM»it loeal ground siaKs) are m pmcipte, eigen slates of Uw global Hamtltoruan H 
It «ill M around this laoer HaiDiltontan that (he itKory a buttt. nbiJe the pracuea] 
ealculanons are otaik widi the molnculv HaBUhouians He l>ie passage from (Ik speeca 
of one molecolar Hafniltoniao to another toay or may not M otediaKd by an 
intemvdiate molecolar saniition Hamiltonian (SPi-nk but (Ik essence of the problem is 
the finite lifetiiiK of the etcited nates of the molecular HantiMomans subere tbe quantum 
jumps ve mediated by the photon fKld present to the reaetant syaiem These masters ats 
discussed in Section 4 

We disiinguisl) paasive from active solvent effects on clKmual reaettens Passive 
solvent effects do ttoi change tbe quantum nature of Uk intetconversion step, while it 
may change the relative energies of the corresporvliug spectra The ^ve solvent effects 
mvolve a specific ^wn of Uk solvem in Uk chemKal interconvetsion step leading to a 
change of mechanism or to a sorrogate mechanism This may uiclode gerKtaKspecifk 
acid or bate catalysis by the solvent motecuks Par a clKsmcet reactioci having different 
mechanism to accomplish the chemisiry. a passive solvent may change the relative 
ptobabiliiKS betstecn chaniKls but not the actual iiKcbaoisms. From the coetpotauoual 
viewpotfu. III the superetolecole appeonrh, such a dtstuuioci is seldom retained Small 
solvent clusters treated ai any level of electronK cbeory cannoi M expeded to peowk an 
adequate dtscnpuon of the (haracteristic many*body effects |JI) Active solvent effects 
can be treated as a passive one if by ivloding a minimal (cmcalt numb«i of solvent 
molecules the intetconverswn step is correctly described as a supermolscule. the 
isotnining solvent can M considered as passive It ts to this type of sysKot that the 
theory stotiJd apply 

A suell defined theory of clKmical re^uons is required before analyang solvent 
effects on this special type of solute TIk transiucn state theory has had an enormous 
utfloence in the developnwnt of modem clKmiary [32>S7). Quancum eKchniucal 
theories that go t«yond the classical siatisucat fiKcbaoics UKory of absohits laie have 
been developed by several auUiors [36,JS,39| However there are sbik compelling 
otoiivaiicns to formulate an afternatc approach to tbe quantum iheoiy that goes toyend a 
theory of re^on rates In Uus paper, a paiuculat theory of chemical reactions is 
elabotaaed In this UKoreucal scheriw. sotvmi effects at Uk UKrtstodynamic and quantum 
fiKchaniol kvel can be treated «iUi a fair degree of generaticy The theory can t« related 
to modem versions of the Marcus theory ofekciron transfer [19,40,41] but there la no 
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mcuoti coodjeaK itt ihe ctasMcal shim. Tbe p«Mtu cMory givn a diHe/eet defiriuott 
•jI caialyus by srparsuef MC£uaf> aad fuJTinem coAdjtioos for the pliffioovttoo to 
appra. and sub<idiary cotMJittoti< Itading to an incttsac of tlv cfftcacy of ihe whole 
procea< For intercoovt/ijoo stepa going throogJi an inKmwdiac; molecular 
HaiDiltoniaB, tbe aaddle poima sgociaicd to (Ik adiabattc aoluuon of Uv cltxvonK wave 
function define geomeVKs to arbioh Ux metants thouUJ tend to adopt to order to opeo 
Uw intetcoaveruoa dianoel Hie inwiance of aoeb aaddle peunt geonwsm la as 
eaenual ekment of tlw theory allowing for an underaiandiug of catalyus in the rente 
gives by Pauling[42), du< ume it haa a general couteni in ao fat rununding oudia are 
(onctrtMd All there manerr are ducuared in Section d, and for an early foombtioo of 
(here Kleaa ase ref.[dd) 

Contemporary conpeiier aanaied naolrcular aimotsuoo toethodr and toodm 
(Ofopwer technology have centnbuied to the vtnal ourDerica] calcaksuoo of aoivtnt 
effecir on dteiBKal leacoonr and loolrcular equilibria. Cksuical risurucal toecharucr 
arul auanum mcdtaiucr are baatc pillara on wtncli practical approacl^ arc *»»»^ On top 
of (twre. numerical evthcNfa borroned from different fieldr of phyatcr and eoginecriog 
aiul cofDpaiier graphicr icduuiiixa have been integrated into coroputer prograra ruuning 
in graphKi noiLaiaitonr arul iDodirn rupoicomputera Recent lerultr are overvxsved tn 
Section 6 In Section 7 a geueral dircuaaicn pointing toward! leceni irendt a prramted 

2. Thciiry 

From a quantum mechanical perapective, phyucal and dwmical proceues can t« 
described on equal baur TiKie proctiaer are the reruli of dtangci among quantum siater 
idiacretr aiul/or ccnunoumi and one of the tarka of the theory ir to uleniify (tioae atater 
(hai are relevant to their deicription A reaetaiu ayctem in a gaa phate or ui rolouon can 
be chaacterued ar a aet of electron! and nuclei At a given lemperauie the ryaten iiaay 
change the popubuona od the quantum ataie via emiaaion and absorption of energy 
Quanta tphotonr, optical phononr) The ayrtem may change itr quautom ctates if work 
Is nerted on it tor eccrird by the ayatem on tlv aocrourulingat or it can change the 
poptilaaion diatnbuticn (eniropic change! via energy ochange with a thermal bath 
'ntenoodynamic eqailibrtuin ir attaiiKd for a ryrtem aieaUy coupled to a thermal baih if 
the coupling baa been on for a long un^ and if all the fan proenser have happened and 
all the alow ones not [df] Ihe fust problem i< the calculation of the relevant quancuso 
ataKt of (he aystem The chemical plunoovna requires of an electrodynanucs description 
[d5. d6) at the charged pamclna conrucuung normal mauer interacts via eleciromagneuc 
fields Ihe change of quantum states ve praopeed by the coupling beween tlv maoer 
arul r^aiion fields In the approach herein described the classical mechanical view of a 
cheoucal piocesa lakuig place on an energy hypersurfve f^les away The Bern* 
Oppmbcimer framesuork is thence in a more resinciive fashion 

In what follows, standard quantum chemical approach it summarized The 
modificanona required to describe clKmKal processes by using an energy b«ia are 
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2 l.TECHNICALisEPARAeiLITY 

T}k ioliftc* solved sysatn Iron Uw ptiystcal poiet of vtcst, u noduog bin a aysam 
ihai can be deconposed m a dosmoinnl coOecnort ekcirorta ofvl oudei In (be leany* 
tody NpeeafAtaiion, ia priiKiple, solyin^ iM gUbal unte*depeeileiii Sdvodirtget 
equauoA wiiti af>oiop*^au boundary corvUiioos ^ould yield a complete desenpnoA for aD 
meawrable propeno^ (47). Ibia equauoo (equirea a definnioA of ibe (oial HaBUbomafi 
IA coordmac; repmeeiauoo HerXk «'lue r is the poiitioo vector opuaiot for aJ 
etecuoAS IA tlK aasople, aod X la il>e posiucei vector operatoi of tlw noclet In eukcubi 
queAdjat naecbanici, aa it is uacd in this seettoo HirX) i< (be Coulomb 
Haeu(iouiafi|46) . The |lobal »ave fusicdon tVrX.t) b obiaieed a< a soluuoe of (he 
equatioo' 



Hi i^A<r.X,fV3l « H(r,X l Afr.Xi) ( I j 

To define the (aA£oa^ arvj comovAt oa soAie lioutaiioiaa usoalty overlooked in the 
tlooreiical dvmtcal literature, let ua outline (he siaiadani procedure leading to a fooiBl 
soUiuon for such oa equauon 

[n the preacAt analyais, tlK HaiAiltonuA docs not explicitly depeivle upon dev 
The corvliuoos defining a mKrocanoaieal ensemble are fulfilled |4S), Aemely. oue hea a 
total eonetant energy R. 

ApplyiAg the method of (he sepirauoA of variables (be total nave fiirvnoA can be 
east as a product AirXtt = that, once touoduced in Ed.ilj, gtves the 

eustofoary aeparation of unv from apace coordiAates. 

tfi»;(ty* = B CfO and Hrc,X> ®rr.X ) = 6 «(r.X) ,2) 

T>iese are tlv e^ioiioAS on wbteh a Aumbei of approxtmauoAS are carried oui to obtain 
approiuBOK model solotiona In pamcular, Uv Bont-Op^enbcimer iBOt ffanv allosus 
for a useful separauon butweeo nuclear and elecuoAK mouoA [49>S2] See also fork's 
book *lvre soroe interesting ekmeniary examples are analyzed concemiAg einctro* 
nuclear eoupltug effecia(S3). 

Technically, the ume*indepeniknt SchrodiAgcr equauoA (2) is solved for damped 
nuelei Tlv Hamiltonian la broken mio its electrerue part. He. meluding tlv nuclear 
Coulomb repulsion energy aiul the nuclear Hamiltonian HN At (bis level mass 
prtlarizauon effects ve usually rvgletsed. Ibe *ave funcuon is therefore factorized as 
usual. ^rX)B ?(r'X)^X) Pormally, ihe ebciromc »ave funetioA ?(r:Xi and total 
eleciroAic energy. EtX), are obtained aflar solving (he efluaiion for each valiv of Xi 



He TnrXt = E,iXt 'r,(rX> 



(3l 
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Otu (^b cgtijiion j< «olv«d <or all rricvut Kjiotu o< (be niKlear coaft^urauofi 
9bsce, III (be 60 (nmewort ibe eiKt«ar modoti caa be (rmed ejtlwr via a ebiitea] 
mediafuea] analysu ^nh ibe )wlp of eonpour uawlaiiott [6|. or it eau be imted 
(luatuum iTKCbanKaDy foe aitnple loodels (54). In tlv laoer K)vtne, ihe noekar 
Sehrodintei equaiHfi must be solved: 

(HN • E)(X)> %,y(X) a E,fc (4j 

Tbui, tlv af)f)ro(iniaic iota] ^ave fuitciton (t>iLtr.X|s Ti(r»ra'Xi4ikiX) is taken as 
the soloiiofi of Um time>indepttfwlsai r^iauoe i 2 i ^ith energy levels TT* unw* 
depeisdsv emiodon ean be csei in leems of this ^ = eaH>£iVft) 

An aAiUary QuantuJD state cao be cxpaMkiJ cci tlv basu of U>e (Ki^tr X)exp(>iE,tl^) 
as 



'J'friC.t)* Z,kCJi<eKijtj(v.X> a, 

«nh eip(* I E^^), Pot a reeeot analysts of (inM*iJepeaiJeni ihcoreiicaJ 

iFeadnevs of ihe dynanies of e)e<iroes ai*d noelei in eioleeutti systeses (be teller is 
tefeired (o Ohrn's arvj eoetitken pifK* (S5). 

Before pioecding ant fonber. ii is wosVi rrmirvliiig dial genera] aoannini loeebanies 
IS eoordjna(e free Tbe wave funetw>n lepeesented m fi), 'P(rX(^ <r,X(V>, 
eorrespoaik lo a general i|uan(uei <ta(e IV> peojerted loiodeHed) oo die coordinate basis 
Ir X> Tbe tifbe ei'oluuon of tlus ^nera] ^laatiifn state is dnvea by a SdtfOdiager*lil:e 
eqnauoo with a genera] (global i Harniltccuan op e r a tor |47| A cootdinaie projcciicci 
corresponds to die »e]l known time depcrvlefii Sclu&dinger e^iauon (li with a model 
Coulomb HaiDdtoman H((rXi repeeseniifig ibe molecular syeteso of interest li is weJ 
known dial the molecular systems liave siaiioiiary Xo coofigurauons in the sense dial 
EiXo) IS siaucciM> widi respect to nuclear coordinate variauons around Xo Tbe 
HaoutWiian can now be cipeuded aiound this poiH Tl^sa wiD be tbe molecolar 
Hamiltomaus Ho We consider iben a general formolaiion of quantum mechafucs, where 
H IS (be global Hamilionian and use (be ccordinate*ptojected Hamiliooian as practical 
compoting tksict to detersoine ibe He and thereby aO tlK siaiionafy sijks of dw 
molecular system around a particular geoewtiy in the nuclear configuration space The 
approaunate quantum states rebted to ibe stationary HaotiMouisns are assumed to be 
modeb of the macs quanium states Hus aspect of dK quantum ibeory dtould t« beared 
in mirvl when duukiug about cbeotical reacttccis 

In coordinats represenianon tbere eaists alaernauve base represcniauons, adiabaiK 
and diafiatic Both tspre«cntauous are equivalent if dv basis are cootplete For a 
(boroogb disciaskon on ^iabauc>diabauc electronic state transformaiions ibe teller is 
referred to dv svorii by Baer (49, SCI), ae also tbe work by Cbapuisat eref |SI) In this 
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acuotL ilx adi^bsuc sppfoaeh is reuiiKd sfiUMWi loss of g«iKralMy llv sme »a*c 
f^ikOA obuiMd 10 (Itis frarw js s model of (be <|iiafinuD &uie of s msttial syeteie 
SiKit a <ysiem j< om of auJOKs. rm aa e\'«tt ot snrtg of evenu As (be iruetost «jll 
be fociueed ort pbyuca] processes, ibeir /epreseotauoo comsponds to ebao^ of tlv 
aaaanim foatenat state of tla system ootki study 

All (bis ismooe or leu s«D l:Mwt[5S) What is less ss«kl acknowledged is the fan 
ibat Uk eoordinau type of appeoamiaucei cat be justified uedei reiaiiveJy Kstricdve 
corulfiions As is comeioo practice, (be oiKlear Haoutioman app^anng lo CtgiA) nn be 
fxmbet separated in order to treat the molecular rotaiioo loonon atd spectra [SO, 51. S6| 
To Jlisirate siKb coeidMsofis. )c( us take a sioiple lansiooic ibodel for the fluciuauoo 
padeni of the parudes, ihen ob *Jik/m). and k is ihe huioonx resuuiuoo (force) 
conaiaoi amJ m tl>e redisced mass for that mode After anaJyais, orw pets die followiop 
relations for die ratio beiwem eirevorue aruj vibrationa] (oocleari eorrgies' E,/Cr •• 
ia)/cK * SrnVSrc'* *A>Be/mnl = >c^ Nocirar flucruauoas are represemed by Stoiviib 
a simJar form for (be eieesroo displacement. From die perurbatioo aaalysis carried out 
by Bora and Oppenbeiovr, Uw separability of ilu auclear and elecuoruc flucuations 
stems from (be fact ihai nv<oi4 and (fiat E, <• i^E«. Aldiougli selitoB emphasized, 
these Klauoaihips imply that (be fiocnieuons are taken arouod stnuonaiy points of the 
(aumericali poteoiial eoerpy bypersuiftce EhXj In sshot follows die cleciioruc 
HamiKoniaii evaluated at a giveo stauonary point of EitX) is (ateo as a stationary 
HaBUttooian, and Taylor cipaiastons m tenas of fluctuation nuclear coordinates kad 
to diffetani modeb aOowinp for prvtKa] calculation of models for the vibration and 
rotouon sp ectr a Ihe use of the numencaly cakolated EiiXt m efl.(4) provides another 
model K> praciicaKy obtain these sp e c tr a For diaiomics. the cmpincal method relatinp 
the vibrational levels to a classical anbarroonic potenuat aiBt^ curve uses the Re«<* 
Kkin*Rydbetg iRKR) method Ihis procedure peovnks a dasscal model for tlu noclear 
fluctuatioci specus which has been numerically reproduced by solving E<g(}) with at 
MVo post Hartree*FocR meihod' to a high degree of noewrical accuracy Tlu picruee of 
a diatomic molecnk as if u were a ipring arose from ibis type of analysts But, svhen 
destibiag physical changes of sraie tlu quanum aaies ard (be associated qtiamum 
jootps of the molecular system are ilu physically oBaumgful elemenb of iIk theory. 
Ihe cbssKal picture acts as a language 

Titf scheme described above, reconfoned by the posi*HF cakulaaions |57) where ibe 
coorthnare (epteseatiog ilu distance berweeo the nuclei in the diatomic molecule tor any 
tend m polyatomic molecules), lead to tlu pervading pecruie of a diatom connected 
adiabaucally with (wo novinieracung aioeu ai infinite distance From a compuaiional 
pcem of view, this pvture b quik useful and widely employed 

Quantum mechaiucally, however, the diaioeuc molecule aud the separated atoms at 
infinite distance are two (hsiiuct guantum systems bavuig ilBir own Quantum states Hie 
physical dissociation cannot be seen as a conunooia process of esiending a classical 
speing as nearly aO mtbooks in cbemisiry, physical chemistry and quantum chemistry 
suggest Hus IS quite conuary to the fundamentals of quantum mechanics itself Before 




QUAyfMM raEOS:V Of SOIVEKT OT=KT1 AND CWMCCAL iLLATnONS 



2P 

ockliag th)9 poitu jn «<cum S. kt is first cuouie itw ^laMitn physicsl picure and 
cofoplese dv dacnpuM of ib< (luAttnim tlwory of solv«tt <ff«cts 

2 2. A QUANTUM PHYSICAL PICTURE 

Hu trchiicst picure duaibnl above nwat be suppleoetited s pbotoo field ii order 
lo enforce ihe <|oafiiiuD eiethofucal naruee of the physical pmcessoi. Hu Coilooib 
HsouHoaian is oacfil lo oidDericalky calcobte tnokl qisMum states Oiarsed sysaena 
imervi amcni tfienuclves na real and vimal pbototta [45| A <|ijafiniJD sysum duA^cs 
lb, State by quantuD jitnps sod etui^ js cooserved vis absorpuoo ot ereasuMi of 
pbotoof Par a aysteie io eqoilibnunv Uw relative twinbei of molectjles per cube 
eentifiwtei in rwo quantiuo states luviitj a frequeocy matcbirij Bobt's rule iEk*Ejl = 

ijven aceordini to siaiisiicsl evcluiucs l>y ilu Bolumann 
ratio hfV/Nj Bex|H*&ij Uisdat tluse eorwUiiora, ilx nootber of molectiks going 
from state j w k pet tinit ueu l>y absorption of pbotorufta most a^ul tbc nuetbet of 
pbotoos eeuned from k to j If there ve o* phoiora of fiaiiuerKy ot per cobie 
ceoiieuter, tben N| imb iimb •)! sod after inciodueiog the BohznaaaA ratio for 
Nk/Nj ooa gets the faiooiis Pbock's black-body dsinbiiiioo laei no) = U[exp^*&DkT) • 
l| Tba inurKHOA beteieen photons and msDer causes tlu noaibet of photons to change 
by el. 

lo a conpleK descnpaion, the photon and leaner fields etost be ixhided oiith iluir 
(Werocuotu in the seise that charged particles luerxts via the ekciromagMtic field The 
Hamihooan can t« einnen in different gaages. Here and v it is conveon peocuce in 
quantuot chemsiry. it e wniten lo the Coulonb gauge |46. SS) Tlu Hamiltonian of 
equstioo 1 1) has an instantaneous Coulonb interecuon beiieen all charges, tlu quantum 
etaies of Eq (2t are considered as non perturbed bound states that lotarvi via parturbauon 
terms coupling the charges «itb iransvtrsc waves repre^ntmg the elecuomagoetic 
vector potential A. For essmpk. putting Uu system in a tNU of volume V, the vector 
potenual at a poiot s: lo the bot is given by; 

As i |eip|>i(0H-K'Xi + etp|*<{U-K>i») (6> 

I'here I is a potsruauon unit vector, aud cipj-HKit is s plane runniug stsve The 
uoimali 2 stiou suss choseu so as to corrtspood to unit probabibey per cubtc centimetar of 
finding the pbotoo, aod tlu average erurgy derusty b«coetes fim Uodar tlua conditions, 
tlu aotplituk that sn stormc system enJ absorb a photon dirmg the process ofjumptog 
from ooe state to another hss Men otads equivakot to the amplitude ihai ibe saeu 
iranstuon will oaue under the influexe of a potenual equal to that of a classcal 
electromagnetic wave repeesenting thet photon (Eq (6^) arwl peovidsd ihet only first order 
terms in Uu potential ^ in pcnirbauoo (45). 

Tbe total Hamittooian in the Coulomb gauge (Cfsecil'?^ has the momentum 
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OMraiors rrplaftd by pH«/c)A for a puiKlc of charge e Aa ihc uhoton Held i< 
nnavrt^al si*d qaJv fmi order Kmu itt A ihouU appear, ooe rods up wjih the Coulomb 
HaeuliooiaA form as the otw appeaneg m C 41 1) and a pemituiion pmonaJ of (be fonii 
U<x)^6^) A(iLl)|L Pot further aulyaia s«r aecoon 2 '7. So dui ai the end the 
probabtlity of a trafuiuott pei «ecood depends upon Uv coupling Mtsstou the molecular 
fyaum aiad (he raliatioo field. 

Pkj * (»/fc I U)y I W Cttl fn 

Aflei eonir algebra the probability of jumping from oue state 10 the odur betofoes 
prcponional to ilx squ^e iDcufcilua of (he mavii element of ibe dipole momcru between 
the bve quantum states k and j iif different from aero or to any mulupole monseoi 
laaving iton*zno maim elements between cbea two staKS) 

Wieb tlus digreuion cloaed. let is coov bacl: to tlv analysis aivj conseQueuces 
derived from Ea.|3) 

2 3. THE CUSSICaL MECHANICAL PICTURE 

h IS common pracoet to treat the nuclear configiuatioaal space X as a cbssKal object 
In Ibis approach ibe forets on the oude are needed TM Hellman>Peyoman Ibrmub for 
the foree acting on the b'th nuctei tposiuon coordinate Xji is given by. 

fy. s - utifxvax^ • - < V,(T, ?Hc/ax ^ l‘l'i(rj.r^;X)> (8) 

the total erugy E playiog (be role of a prMeoual energy fouctiou for ibe nudec V|Xb 
E fX). 

Ihe equations of monon for the nuclei are obtained from Hamilton^ least vtion 
principle Ihe nuclei KMal biiwtic eiwrgy, K, is given by Uv sum of individual nucleus 
kinetic eitffgy, (li^MsldX^/dii’ Ihe lime integral of (be Lograngian LtXdX /dut) a 
K-V IS the vticn S of tlv systero Poe different paibs tXsXfit) the Mon has different 
numerical values. 

SlX(i).X(io1.i4ci| sj UX^X/di,i)dt 

For a family of (rajectortes all siarung at the value Xtio) and at ca all arriving at X(ti 
(bere is one trajectory (hai tenders Uk Mon stationary TIm daesical mechamcal 
trajectory of a given dynamical system is ibe one for whKh &S^. le Uv action 
becomes siauonary TIk epuaiion of motion is obtained from this variational principle 
|S9) TM corresponding Eulei*Lagiaagr equauoiu are obcairvd' didUilvki/di s 3l^3Xk 
In Canssian ccordinates ibese equations become Newton's equations of motion for each 
nucleus of mass 
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M Nm 2 = - iEfXyaR^ » - < V,<r^.r„ Jk)l ( 10) 

llus SI of equsuotu on>vi(les ilw basu for a number of ao called combuvd 
quaouaVcIsajcal ovdtafun ibethodr [12, 6Ck62) Tlv fom la calcobicd on Uw Ai£bt 
u Uk coordittatn ae updated l>y uung Uw eulecuUr dyAamtca al^onthru Pniodic 
boundai^ coodjtions cs be inuoductd in order lo uetulaie ilw aumundirtg ibediun 
eiore accoraKly Hosuever, in cmao cass. il>e compifinig effon may be too lugh lo be 
of a ptacucal sr It is for fhii reason ilut the sysam lu< bcea siieplified by ptojccuag 
oot the elecuoruc cofopcnctu ssooaed frith Uw surrourvjiAg ibedwin (^ranaUesj 
Hus la done frithiA the clwmical pjccive to solveoi effects 

’4 POSSIBLE UMTTaTIONS OF THE 60 APPROXIMATION 

Hie e^uauort (3| geiKraies tlv famouH BO poteetia] ertcrgy hyptreurfse Ihe 
piaerical posuer of cbis conetpe is fr«ll docuiDeaicd aod it rmains a the foubdatioo of 
impcroni domains m compotauonal quauUim dwemry theory of abaoliite 

/caiMn rates is ertuiely bawd upon ii [32>M, 63) s »eD a all modrro quantuin 
tlworin of reacuoo rates [36. 30. 6440) 

A fine iruighi inM a differaoi descriptiort of a ehenaKal proctu oa be obcauvd 
from aA anatysia of a tdiaoAuci dueociaiioa process Consider Uv aundard seauneni of 
a stable diaoAiic molecote Hte saord stable implies already the exjetenec of a 
measurable cbaracterisue sue arouruj *luch tlw electro-Audes sysMm fluciuatea in its 
giound electroruc state tie a aianonaiy moleeular HaAiiltoAis frith giouitd state) In 
staiulard qisAium cbeousuy, this le the oudear eqcilibnum distance 

Hie (haiacKHsoc 60 potential erwigy curve tebtea, ia a concinoous fashion, the 
bounded quaAtum diatomic stare frith a frell defiired electronic state of tfro asorot at 
lofinitc dietanct ffrhich correapoiads to a different reolecidar HanultooiaA, m this case oa 
atomic onej. Two asoros separaied by a laige distaAce sod the associated diatonic 
molecule are two diffrtmi otolecular quantum sysiera Hrey have their cbaractcristic 
quantom statea. Tfro quaouim states Mtongmg to different cissacs cannot t« 
adiabaticstly related fr'Mhout colliding frith the quantuso nsechanical paradigm lAtrodireed 
by Ptairek at the begioAiog of this cmiury White the spectra of a qiaAtiim systnts caA 
be adiabaucally shifted by changes of eaterAal cbermodyAamic paranaeters. ifro differem 
qnaotom states caoAot be bridged «iih an ^Usbatie process Doe cannot bring tfro 
hydrogen atoms. reliabaticaJy. to form tbe hydrogeA molecule fr'itlaoui cooflicsiAg fr'ith 
(he quannuD mechaAico] Aature of (he systeatss Poi processes earned om at censtaAt 
tempetature. (he popolatioo of states must change but (he nature of (he states is oo( 
nodiHed 

Perusal of equation i3i sho»s that the ensteiKe of a tpianinm electroruc stsae for 
each value of the coofigoratsonal vector X alMit c«Dpn(asicnaliy osefnL is physicaJy 
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vettttable Itt fhii cmmchm. ii js losmctive to r«ad Hening's cikO^ue lo tlK Hejtler* 
LotvloA evtfeod «j««d to calculaK «pin couplitt^ ai larg< disiaiKes (BJ, B2). TM 
poiffitial <oergy Itypetsurtoct C<tXi is oa lovaJoable comptfUiig device, as is slio«a 
Uw 9iKC«9«fu] /<prR«etsuoA provided, tv msisKe the RKR procrdiue of firuog 
vibtsuooal le^'els lo s poteruist mngy cun'e 

Tbe sepanbOfty Mt*teo etscirofi umJ nuclear fliKtuaiton* tnafcee iheoreuca] retiae 
for <damsins aroutvl tlK uauonafv poitiiH of E,iX) «'lwre ihe ptoficrties of Uv syoeio csa 
be cbaracteiiMd by (Ofopauaif lu|l) order danvauvas that leads to j nueiber of tnodsl 
reprasetuaiioas for iIk tiiKlear dynaiojcs |83) Ai socb j rtaiionary poitM. ton adiabauc 
cffecK OA the vibtstioosl spetva, for insisoce of Um bydro|ea motecote, an nejli^ible 
At s«ldle poiAis of ilv BO poieaua] energy, separability is conveauooaOy agreed Hie 
dncripijoo of a cbeeucal lAUrconvcrstoei as a passage ovar this s«ldle pouu yields a 
conpotsuooal device (bat help cakulaie the ;aK st orbidi the eiodet ayrtero moves away 
froiD live raaciaoi valley eotanng ibe peodoci valley It is accepted dial a paooge through 
a given scpaistiag surface defines conspleoon of (bat step As early Aoied by Wignet, 
ibis IS a cbssKal nsechanics picnire IS3) Most, if not all the conpuiauoaal qusoiDat 
dyAaAiKat models are ia one «'ay or aAodu. cei potcuual energy hypcrsur^ces 
Obm and cosvotkers IS5) are anwng the firsi that have developed aA ebcinMioclear toodel 
avocliug ibe lisc of eueh byparsurfaces mbicK ivideniaUy. sitoa's ihai there is m 
esigeAcy lo (ismg sucb a conctpe in descnbiAg <|(iantusD processes 

Tbe usefulness of potential energy byptisurfaces in describuig reactioo dyoaoucs aisd 
clwjBtcal reacuvHy is sveO JIusiraKd by Lcvme and Benuieio [BA| and Sbadietof [85] 
books See abo ilv fuudaAtental paper of Hase (86) Tbis socctsa does not assuie that 
(be coordiAate represcmanoA of quannim system is ivcesianly (niihful k goes *ubo(it 
sayiog, Ibe coordmaie represeutauoA is sa eaireovly useful matbemaiKal model 
Hoa'ever, from raceru uielastie iKwroo scaiteimg expenmeAis on bytfeogcn booded 
system tbe idea (bat tlv 60 approximauoA may t« inadequate has beeu advanced by 
KearUy arvlcoworkers|87). 

Tbe picnires denied from iIk adiabatic appioacb ve ceiuioly pedagogically useful 
but ibey aie not oecessartly a faithful view of(|(ian(usB reacdve systeree Now, since tlv 
adiabatic iiauiiuon state theory provides the bottom Iim to describe reaction rates, u is 
necessary so implemeni soev caveats in ordri so get a quaetum owcbaAical tlKory of 
chemical re^uoAa. 

25. STATIONARY HAMlLTONlA>fS 

Tbe tlKoretical view advocated here focus ancntiou oo tlv quamum states relevant so 
(be dtscnpiion of panictilar plwAomeAa Ibc concepi of suuoAaey HamiKomans foDou'S 
from tlv coordiuate lepresentatiou aod leads to a numerica] deteneiAatioA of relevant 
4|(iantiiJB states He will denote ibis class of HamihoniaAS Thus, given a system iha( 
caA be decomposed mso n*elcctrons and m-ouclei ia differcni disposnsons. the aei of He 
s^l/ov)lPi]>Vr\ui aie wnnen m icims of fluciuaiioo coordiAates around particular 
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noclear CMftgarauofia. ihey ray dcfiiK a aysum ha«jag boutvl siaua (leoleculca. atoru 
and iMt) wiiti ocjKd siatta having fiaiie or ibcy caa duplay <|uar(uni aiai«< 

all having (iniK lifnimcs T}Ka laoar ai«, oa ffic BO liypeRurfve, <addk poira of any 
irvlo: It ig now apptofMiaK lo bbet lha «iau«(iafy HaBUlioaana aa Hclil what* each 
lat«t niatea lo a givan catchiMni rtgton in iha serua dafiaad by Meacy [&g, S9) ^d> 
Oita of Uwm »>on]d be auociaitd wub a Sdirodingar aanatioo' Hcdi fiv = gi^ Ti^ 

He boilc in Uk cocdinate repitseoianon i< aJsvaya an amroAimaia noikl of iha hJk 
HaiBiltomaii of Ihc gyswin exact Harmltoruaa can M cotumcied if om Lnoaig iha 
conplcK apacira. aif&{S}| oc iDiiairaia tfia form of uich Hamilioruaag In what 
foltowa M »il) Kfei lo ihi< lype of Haniltoaiao aa Ho. ihai a, tlv exact motecnlai 
Hamiltonian fbt ihe syaiaie eioMiltfed in a laliauon field Wuk tlw spectra of (he full 
Hanadtomao Ho coveiu the speeva of the foolacnJar Hamilioruans |Hc<ii), iherc is no 
/saaoo to believe that the set fointed by all these eigenfuboioes may be complete «ich 
respect lo the eigenhincuons of Uv global Handtoruan Ho. The veiy exi&ience of 
entangled states [90, 9l| «dl pni a limitauon to cofopleteness We obarve that the 
general syioeteuies (invariancts) of Uv total Hamiueuan H can be spontarvousty 
bjoken si'l^ the syeteso is trapped in one of the states belonging to a mokcnlar 
Hamiltonian He Such is one of ilv origins of L and D isoran 

Rom the present stand poou the physical processes are <kscnbed as puantusD 
iransittens among stationary states obtained from tbe adequate H* TIk coupling with 
ihe electromagnetK transversal field i< tbe necexsary cause picehiciug changes among the 
staKS Thus, seen from the viesipoint of the global system, the motecubr system is not 
made of stattonaiy states 

5. iUvenI £?«cb 

3.1 THE CHEMICAL PICTURE 

In (M chemical pictuie, the system is formed by molecules atoeu and/or ions Each 
one of ilKm has well defined properties Par such systems, a separability hypoiMiis is 
introdoced lu tM physical piciure The diffemat steps leading lo cfletiive equations for 
tM subsysiema have already been disciased by several authors Here. »e ouibne (M 
important points: for detailed discussions we refer tM rcadri to our ongioal papers |U3, 
61 - 

3. 1 I SdtndieierE^MOCHtsfbr Separabit ^irbyermr 

The total Coulomb Hamiltonian can always be stritten as a sum of (erra describing 
arbitrary sobsystams' 

Rj R„> = HgCrpRgl- H,o<r^*„l • < U i 

With Ow Audw cooedmdUd ot (h^ iolM it. 

d»(rtticd by iIm Om mediun of Mivtrw ii Mtcmd wttb 
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9ubji*drx IB 

T}v iauiKCJM opcrstor Vir».rs.R,.RaMi dtfitwd in urms of Um 

Coulomb lettraovcn OMraioi l^rl = T(rr^ aod ilw choigc dciuiiy OMraioit of ihc 
90lot« W,(rt and Cm wrrourvliug mediu5D X).(r>' 



V(r^r„,.R,,B„,)-Jdr Idr' Q,<tTTXt-tT 



O' Ik re 



«i(b a similir etp««uiort for (be soIvtM clurge densfTy OMratoi &a(r^ 

In the chemical approscb k le auumed itu( (he «sve funevone for Cm Mliue, 
?^ir,;RjJ(^i, and eunoundirtg iDedivm, arc koo'ikn ai a gi'^cn 

ineiaoi ( and with a given nuclear configuraiion X|t). ai*d ibai v apfiroiuDauoti (o ihe 
Kual wave funmon can be stnnee down aa aa antieymmeinzed prodiKt 

IS an aniayeuDcinzer OMraiot besoven eJetirons from (be«« rwo grouQS 3 ai*d gi 
whidi i< uwaJly eiQreued aa a sum of ihe identiiy ooeraioi (li and bormaJiud 
pennuting operator Pb.' A.b sl 4 P»« T}k mat Hamtlionian is symmetric to any 
etecinw pe/matauoo The inteiacuon energy V,, can be cau m tensu of a diiect 
Coulomb uueracuoo and aa etchange Coulomb uuetacuou' 

V,„= IdrJdr' <'K.10,(r)W,.T(r.n<H'„in„<rW„>. 

idrfdj' <'P,Vp,lftj(rjT(/-r'lfi„<r)lPms il5) 

The ansau above for Cm wave fuiviion does not cootain ioteegroup elmron 
conelaiion and charge vanafei effects amoog both uibsysieme The fonsvr ve second 
Qidei effects iliai may oi may not be iiKluded after solving for the effective suDsysteov 
•lule the bner aie of first order m penuibaiion cbeoiy bnguage tlMreby deserving a 
special ireaDDent if they are present If intei group electron coeretauon is included, van 
der Waels forces resoN |7, 92). In the conainKUoo of effective Schifidinger equations 
bod) ve neglected [ 6 ], but they cao be takcu lato account for instance, si'itb the tisc of a 
supenoolecule scheme to aDoM' for charge transfer effects if selected solvent foolecules 
VC iiKloded in (IM subsystesD of lomest Cltarge tranefet cao t« ireared as a post local 
Held effect 



3.1 1. 1 S^rerhv AatmVrceriaa In this fraeiework it is possibb lo dsfiiM an effective 
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HlfDiJMniJii ifj by tK^ftuug (Iw suhsA^e iau*dctiot« ai*d inut^oup elmrot 
cofKtauoAS ai*d by cakinj ilw (iiaMutn ivera^ ov?r ?gj4rg^.R,^,R^i of (b< touJ 
HamiJudun K and ne£kciifi| ihe aelfcMr^ ol elw flinoundiAp ntedium 

N,(r,,X) = - far Jdr n,<r) J[r- r ')<^g,\Ct^lr>,W^> , 16» 

TV jnttiacMoo Ckcsi’MC both subsysKou la cast iaU) a fone v.'lKtt ib< pbyuca] 
chat^ datsify of ihe aurroufidittg niMiiBD rtncr.X^ = <^W appcan 

cxpliculy, and itw louracuon HaruhoniaA dncnt*s now (be coupling ol tlv aotuic 
charge density opaastoi with tlK elecuosutK pMMcttial mated l>y (be sutroutadjogs ai 
rued X. V^rX^Jdr* <TJT(r>r') X2mir'|tTk>B|dr' Tlr<r')rm(r'.X) poiieiuiat 
Vqi^rXi lolfiJs ihe clasucal cleciroetauc ^ia«on's equauon (6| Foe evli auclear 
(•Mifigurauon, the solute wave lubcuon % aiad (he effective eoetgy E,|X| aie obtiivd 
a» a aoluaon of the effective Sdvodinger fjuawn 

/Vr,;X)i'F.> = e,(X)iH'^> ilTi 

l>te sunounding naedium syaietn (the m-sysseni) cau also fomalJy be repteseuted 
mih an effecitve Schendinger emiaoon having Uv same form as Eo (H). 

l>te HaiDilMfuan ofedd?) coniains Uv in vacuum HamiHooian HklSs.lUi Tlae 
uauonafy Hamibouians of tbe in vacuuns syaiem osually go over die effecuve 
laolvaied) sysaen We have cakubted a number ol eases tetated to s^le points of ivin 
one {93'9I) as well as s^ke points sphere the mod:l system is uiere&sed in size, the 
invaruKe of the etanonaiy point has been nusoencally esiabbilod eiU^ with respect to 
models aiad in soov oilu occauions with respect to the level of eompaiung |94) As die 
index oftlv saddle point can be obtaioed via die cakulanon of die Hessian in tlK BO 
scheme, if die sotveni'solote ofMiagonal maim elemenis do not spoil tlv negauve 
eigenvalue defined by tbe active sobspacc |IOO*I02) one woubl expect a geometiK and 
tnnamon vectoi invanaiKe sHien tlv in vactiom sysKm is embedded in a pasive solvent 
An analysis of tbe minimal subspact defining a SPi*l has been given in references 
|I0U103). Note that tbe tpeesa of the composed system may be ncher than tlK isolated 
species solvent to sohiie aivl sotuu to solvent chaege transfer states ouy appear in die 
tpucin Hie more appMem effect of solvent in tlv spectra of stable solutes is the 
broadening of Uv spectra ibaivj instead of bne spectral as well as changes in die 
innaiuon moments 

3 112 ffeciroeurle eoergn 'Hie calculation of tlv total elecirostaiK energy suiting 
from (he effective energies, requires some Qualificatioo It a not a simple sum of 
effective energies SgiXi and £mlX), for die simple reason dint tlv uitervtion energy is 
counted twice llius, for each subsystem a "polanzation work’ baa to M withdrawn to 
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ofdff to (Im cor/ 0 ct fiuai CmiJowb 1>4 Cootonb £^0 fof subsysitm 

js givtt by: 

Ocj *€,(X)-t H 2 )ldj Idj < iQ^r)M'j >TCf-p')<H'„ i«„(r')i , II) 
«ub a finilar eapnstiM foi Uie nt-ayatem: 

C3coi -CmCX U\l 2 lldr idf ' <»« >T(rr'Kt8 ( 1 9) 

TIk irKreatmi point ^hti itme ierirutioo< la l^al Uv total Coulonb anergy la 
coarectly obtairwd aa tlw »et of tsio irtdfpcnikai tanea' 

E*-.(X>= Gc,(X) * Gc^(X) (201 

TlMac mo 4)uvi jiMkpervlant aystaaea ara, bo»«v<r (ouptcd vb the <|iiantiaD nwebaAKSt 
(xdan^ aflacia In foci, tlw cipaccstioo va(iw of tlw total Hamihonion stith reapect to 
(ha aalfcotiiiaurti aotuikai of Uw aoliftc ofvj aolvaet u givae by 



EcamafX'* <V;(ri4l4.RtitWBi('in*iTv.M H li^soi tjfr 4 .IU.Rm) tmfrmRio-^^ U) ) 

st'lwia one tafcea advantage of the ^t that tha total HaiDiltontaa cooirtiitaa with Uw 
aAOaymfiwtrjzar oparatoa Ag^. Non', introducing the efiaetivc groop Coulomb eoergiaa, 
tlw total aoargy cao t« nnnen as' 

= Oc JX) • Oc,(l) .fdridr ' < t, I 0 ,ir iKr -r Vsxt 'P, t,> ( 22 ) 

Tbe firat two tanna tk&cnbe eadi uibayateet draaaad with tlw totatwtion of tacit otlwr It 
js nosu apparent that eichaiige forcaa beta'aan the two aiibtyawra have to ba jiacliKled io 
ottkr to get the total force acting oat tba ntielal Tbia buer fdrea la uaualty mimicked 
with a /apulatvc dion range pottnUal A paatido potential method can alao be 10 a 
iDwioaeopic approach to the aorrouiwliug leedium efiaeta [ 104 , JOS) 

Now. one can proceed to dafiiw a fubcuonal fomt for each (coupled) aubsyateie, by 
dividing Uw eichauge conofbtition moeng theie, ao that ooa obtaina an affective atargy 
functional for Uw aubayaien of iotateaL 

Vi « Ctfflt . 1 / 2 jdr Jdr' <'l'j >Os(r>nr-f l< 2 „(r’|)Pr.a 't's ^,n> ( 23 ) 

with a ainilar aiptaaiion foi the aolvant functional. 

Tbe last teno 10 eq( 23 | in tlw ground eleevooic aiate contnbmea with repubive 
effaets that reuilts from Uw Fault eicluaion ptmeiple h la eoanmon prwtiet to indode 
Uwot It many approximate trcatmenia via a l/R'- reptiluve tent in the potential energy 
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foKUM <kKtibitt£ a(om*atDm lAimctiotu la Oiu case, Oi«re a to «'sv« fufiction 
moduJaiuMi diK (o tfiu cxduiitc term PoreuJIy. if tlv ndunga eHecB caa be 
oufiuci^ for ituiaiKe, wiiti a repulsive peevdopoieaual ibe furKQortal Gs <kpcrvls 
upon il>e solute afvl Uw solvrsii stave functioas as sttll as Uk |tobal Audear 
coafiforaiMn 

li IS svonb iMUcsij Lhai a waustiol iBeqbaaml averaging of rfl^l3i svooUJ lead to 
a free eaerg; fonnobuork Tbia problein bas t«<o iboioughly di«uas«d in 

i U cojMfifM reactM Jiefd Tbe ob|ective of il>e ^ruaiized 

selfcotiiisieru ceacooA field Uvorisi is U) replM ilw solvent «a«e furKUoa skpervlenoy 
stub a panicular loode) of ebarge deasity tepns«tiuti| it in the pie>ieace of (be solute 
TIk p<4aiuatioo ebarge sknsiiy Tins Vfpen i< given by tlw divergeuce of U>e 
polanzaiion vector pin so that in atoouc umis (Ite total charge density of (be solvent is 
given by 

rn'D-rmV) -^i-p(»1 (W) 

svivre Vr is (be gradient operaroi at r Note tbat tlv polariiaiion densuy p at the 
boundaries aud outsuk ibe nsaetoscopic volume occupted by tbc solve at is zero. A great 
number of cootfHftaoonal peocedures only leiatn tlv first term lo Ed(24), namely 
rot*(n describing a surrotiading medium charge density svitbout polanrauoo Tbe 
pcdarizauon deiaaity is set up by (be solute elecvic field oo (be potaruable solvent or 
sunounding ovdium Ibis term may be eairemely tetponant wben desenbing spatial 
ebarge separation piocesas such v bydnde tiaiudei aivl protoo transfer reacuotu [2.73] 
0/ stabtlizauoo of caeboniusD tons in biological systen [Up 

Ihe polariraiion density is a functional of tbe solute chage density Tsir^ 
<?<lQ>Hr*Vt> TTv effective HasDilMnian 64 (lb) acfloires a non*luieai stiucure na 
the polanzauon deeaity term, le tlv effnctive HamiUonian a functional dependence of 
(be suave foacuoo' 

ffs ■ H* • Jdr ClsW ( V«^e) t Jdf ^pT<r-0 plr*|) ,2i) 

si'bere V/Tirr^ is a unit elecinc field at t produced by a unit charge at r 

TTv reacuoo field poieniiat corresponds to tbe last tenst in C<)(2S| and svill be 
designated by flirt in what follosus. is (be electrostatic potenual acting on tbe 

quamoot system tbat is generated by tbe surrourwliug mediuet charge densuy. Fetter) 
For a recent overviesv on classical elecirosiaitcs m biology and chesDstry sse the paper 
wiinen by Hotiig sod Nidiolls |I06| Note tbat (be solute enn t« taken ss s classical 
eaKnal eleccostauc source to (be surrounding medium For tlus approximation (o be 
accurate, tbe solute wave function missi be fairly »ell localized in (be voloev assigoed 
to tbe solote system: overlap svKb the sorrourwliog medium must be minimal 
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A RayMi£^*Schrodittgn-<ype peniiftuuofi ihfory has /ectfMly bean 4k«tlo(»cd by 
Aefyafi [107). T}v ccdSKlftauoo o< exuna] penuabanotu like cleciric fBlda. penoiu 
tlv nIctjIaiJOA of reapMMi>* lutKUotu foe «olyatcd speoiea 

3.2 PRACTICAL MT7i> QUANTUM CHEMICAL APPROACHES 

Note ihai ilv effactive Schrodittgar aquauoA (17) i< tlv GuJet>I^graA£a «4iauott 
obuioed from Uv yananottal pavipk applied lo tlv fuficiMiial Gc« Hia wcrouiMlnig 
meAutn effect, lo ihe pnMtit appeokiniaued, i« a foiKUoaat of the «oliftc denary TM 
operator appearing in E^cld) iliosta siKlt a dapefideoce in a dni rnaoMr. It la ihafi a 
OM*rlectroo*Type operator aotordiiig to tlw defifunoo gi«AA in Gd.(l3> T>ib propeny ta 
importafu since in the pracucal at tnSio quantuot dvmical approach ai post Haitm • 
Foci: level of tlwory, the <o called double and higher eicnauceis da not cooplc to Uw 
ground state via this operator (I06| All tbe effects are included at tlw HP level vb 
orbital polMization effects 

311 . Hanrte~Fock levrJ 

Let us consider tbe HP level of tlwory. l>tc Aiticttooal coiretpooding to Ed flSi m 
coajubcuon widi Gq.i 16) or |2S) and a one detensuoaiit wave funetton T used for tbe 
solute can rtow be ariiten aa' 

Q:«L'P)»< ri ( H/rj,R5)<rnr2 ifdrldr' (i^lc)T{T-r'){ 2V^“(r') * 

(dr VjIir«r)>j)(r;in^>DDM^ (26j 

a'bere FtT) i< the electrooK densny calculated «jib the orv determinaut a'ave foxtioo 
▼ V|n°(r^ If the eaiernal poieaual »iib a'bidi civ solveet is repiesetited: the factor 2 
in front of it is due to Uv commoo pextice conauung of carrying out the calculation of 
the tolute syatem only. Hie first tene, once tbe vanauonal procedure la applied, leads to 
the siarulaed HafVee*Pxk equations for tbe otbitab u«d to cotiatroct Uv desenoinani for 
the system in vacuum Ihe orbitaia are perturbed both by the potcotial Vef’tr'j. svbicli 
can be calcubicd if tbe solvent structure i< known or a model la buiH to represent a, 
aod by tbe reaction field potential which dsperuls upon Uv density Ihus. the rsaetton 
field jneorpeeatea a acoruj source of nondmearity lo ilv oibnal's HF equation besides 
the eicbaoge term prodived by the bs^leciromc operaior appearing m H,(rg,R^) Par a 
closed sliell ayrtem for instance, one gets for tbe space otbicala 6jin (he Haniee*Fock 
one^leciron equation' 

I -I I (21^2 . \ir) (2ljirVK,(r)H.V„\T>arKrj Cj «jlr> a?| 

where tbe first tene is the orv electron kjoetic exrgy operator in atonuc units, Vtr) a 
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ib« clecuofi*eiKt«i iiuerMott OMratoi foi tlv Mime syam. Inn is Uv Coulomb 
opuator created by (be >*th orbital detncy ai the coufiguraiional poiru r. ard Kilrj is tlv 
etcbange opuaior tbat (ike« loio accoufu Uk fereuort naiure ilw electron states: the 
fusD IS canad oot bon J lo Nft For a system ot N eleccoas, tlv denstty Ti^ i« 
given l>y; 

nf) e » 2 Sj «3-(r>»j(r) )2B) 

and the sum is earned out ovei tlv HF ouiufold loccopied ortotalsL In E<)|27 l n is the 
reacoon Held powoual Dm svlucli depends up«(i this densuy 

Compotaitortal studtes wiib diflereM solveui>soluie coupling loodels coounuously 
ofMsr in the Uteraiure [13,61,109] Sotveru effects oo loolecular geomeines arvl 
isomenzauon processes luve teen reported by Rivail afvj cosaoriers [ 110 ] as *tU as 
studies on Uk geoneirical rtnKUres of beiabydrate ovullic cations [ 111 ] lansco and 
cosaoriers have recently reported a outed <|uantiim<lassKal conpoier study oo the mater 
iDolecuJe in tlw bqmd phase designed to cianine the loflitfnet of a polarizable 
envirovDeoi oo ns elecinviK propanies |6I) TIus e the loore advamd computer 
simulaikon earned out so fai in ilw s|Knt of tlv aelfeoosistent reaction field ilaeoiy 
Solvent cHects on tte Menshtitkm reaction bave been mdied by Karelscn and comorkers 
[112] as well as the effects of solvauoo on etuomopliores, «Iwk a SCRF*SCF 
caiculation maa followed by con/iguratioo miervoon to generate cxciied states in tbe 
presence of a dielectric eoniinaiini [U3):ihe nwihod saas laKr extended to a iDiilucavity 
reaction field and applied to study tlK effect of solveot on flexible molecolai sysaena. 
Hie loeihod pteseoied by ibese autlaors is based on a gauge*indcpcDdeui panuMning of 
the molecule total raaetten field m ilv polaruable loeditiin into partial reaction fields 
salucb belong to Uv rocanonally or mversaonally groups in the naoleetile [Ud). 

Fiom tlw at MOo i|uantuni cbemirtry coupled witb a mokcolar dyuaoucs 
treaDDcnt of Uv surrounding media, Zbao and Coeber have repoasd a study of a proton 
coupled eliciron transfer reaction ]l I5| 

3 2.2 D^vityfiiHcnoikii spprooeh 

Hie density functional model st a tes tltat tbc total energy of a many-eleccron system 
can be can a< afunctional EJF) oftlM total elecinMiic density Fin mlwre the eiugy e a 
nummum for the grouiul*siate densny. Thus, mininuziug the energy fuxuonai, 
subjected lo charge norroalizaiion, woubl lead to the ground*state aud enargy of the 
system [1 16). Tlv nwihod has been diacusted to this bcob by RContrtias Here, me 
will leake some comments in order to link the preceding treatment of solvent effects 
miih ilw density functional model 

A simple may to coniwct Gq,<2'?t midi a density foxtionsl approxli is to make tlw 
etebauge term a faxuooal of Ft*Pi. Hiui, imegratiug C4(27) and summing tlw orbital 
energws, it is not difficuh to set that ilw eiwtgy appears as a functional of a denstty F 
such that tlw tutegral over the whole space available is equal to 2N Hie solvent ts tn 
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Aonc csMs Rp»««<tuM as a bve CAKrtal pouetia] Vtn‘(n: jc ««m oih«r approaftin, s 
KdctioA field pwoual ri(P)i< sided wliidi is, by its very nsuie, a furwiioeal of the 
clecvcd deesiiy TcT) 'nios. Uw solDte*solve*ii (oupbeg tenii oa afways be coosideted 
a foacuoftst of ibe dertsity pbis aa cxiena] pouausl 

Ia iIw HF eqosuoo. the Cootofob tem ^liin caa be o.'rtiue with tlv help of 
eqs(13|ai»dillias' 

1/ dr'ft%/ltT*ll^> = J drTXx 'VI^ r1- 2/i<r) , 29 i 

Tbua, rewmiog Uw etcliso^ (ene 4iK«n as a ftibChotial Gir(r*^lof tlv deksty 

-S, Ki(r) -> Ve.di(r) = I «<r G(r<r'))flr-r1 < jOi 

OIK peu for aA oibiial cquauon iIk fonei 

i.|i;2)V2.v<r)*UrT(r>lr.r'l-KV„c|i(r)+''fi“<r)«i-n<r»*j<r>wej(Ij(r) <3l) 

ft'bere Eq(3l| is to M h»»a m cakidaie ah ibe dcAsny depeedcin tenns A mote 
conpleie aAaJysis should aian from the foxtioosl form givtA by Eqfl2i. Applymg Uk 
process as a supamotecule to ibis furKUOAal one ends up with equsuoos e^uivslem 10 
Ibe froieti rkAHty fuxuoosL If you wani 10 use foxuoaal |23|, (ben the cicbanpe urm 
misi be approAimaicd by a fuxiioAal of (he solvesii (kAstry T}v oibital equsuoos |29| 
aie Aow locdifkd by adding to tlv eiisting eaebaope poUAUst another lenii Riated to tlv 
solvoAi coopUug Tbis lanei approach corRspoods, aJihooph it is uoi equivaleot, 10 ilv 
frozeo density funevona] developed by Warshet aiad roworbers [105). 

Tbe scheme anaJyud so far is, in a way. a simpUficsicn of ibe Haivn>FKk 
sdiMoe As sucb h is only a loode) appeoiimaiion The most senous drawbxk is tlv 
RplaecAieot of a foiadamcnially quantum iMcbanKSI lene whose very natuR is 10 be 
nou locsL by a Ixa] approiimauou Of course, when ibe system is in an eleesronK 
dcpeoeraie state, or wbeu the BO approxjmauoA is no loAget valeL ihe deosiiy 
funcuonal method csaaoi t« applKd For a discussaon of (bis and other Umiiauoos Uk 
readei is referred to tlK paper by Bersuket [117] 

Tbe density foxtioual (DFi ov(bcd bas been successful and quite useful in 
coTRlanug expetimenta] results when model densities are in the ealcidaiions Ia 
fxi, the equauons charactensuc of the OF method can M derived from a variational 
approxh as KohA aAd Sham showed sotm uov ago Ia (bis approach, when model 
densUKs ve inirodocrd. k is not aisvays possible 10 relate socb denaties 10 
coTRspotading wave fuxuons' this is ilv N*reprrseniabiJfTy problem. FontiAately for 
aAy uons^iaed well behaved densuy (hett eiists a Slater smgle drKmuuant: this type of 
density is then N*represeniable Tlv problem of approximately N>represeutable deusiry 
functional density mainces bas been recently discussed by Soirat ei of |l IBJ In spi(e 
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ol some UKorfucat limitaiiotts, ihe nuniftml procnloKS iluctron de«)v«d have been 
eisaevly OMlot A couple of unkini eianple* have /ectttOy been Nponed by 
PamtwJo and cosvoiketa [62.119] For tlv peoieai wptroxjde disowiase. (hey present a 
theoeenca] rkaceiption of Uv ituetacuooa betAocn the coppcnIU ton m the active site atad 
the subsiraM of supcroaide diaiDWaae, using WOo deiuity funcoona] tlwoey 
cakotauoos and iDorkl energy foKtiooal calcidations Irt (he wne apiru. aa ab imiio 
motecubi dyuaoucs leeihod O'M oad (o <t»d> (he solvation and dynamics of an exceu 
peoton ai*d a proion hole to Uiuid «atni |JXi. I2l| Ttie resuKs obiaiMd are eauemaly 
luxfu] 10 understand proion saiuftt ia solouoa Aa poioied out Dy (here aiMhoia, it 
ooiiJd be die dynamic fliKtuanon bern'Mn specific aolvauon complexes around die 
bydrontum lOo obidi result in a proton iransfer, and (he ra(e*)imnjiig SKp foe tlv 
ougiauon of (he exceaa proton appears in be tlv concened dynamics of (he second 
solvation slwll hydrogen bonded to the ligand water molecuka [120] l>iia is quite m 
agrceovnt wMh the tenns of the structural diffosioo model o'lue it is the solvauon 
siructure (hat migrates /aitu than tlv pamclea tlvmselves. 

Notwitha landing the Manful results obtained o'tth the DF method, (hia one appean 
10 be mnci) leu succeufu] m calcobiing irenution uates and bamers foe hydrogen 
exchange and abssacuon reactions [ 122 ] Farrincllo and coworkers have voiced coocems 
about tbc actutMy of DF theory with respect to chemical reacuous in soUiuon 1 1 2 1 ) 

Tfv i|uantuinA:LaeHca] procediiies recover (he nnclear fluctuaiton properties of Uk 
siuTounding medium via the Mon(c Carlo siaiiatical approach or by iiiing otolecutai 
dynamics simtiladons In the following section we cxanuiK the problcso of tMO 
exchange between solute and solvent from a quontiuo dynamical viewpoint 

3.3 SOLUTE-SOLVENT NUCLEAR FLUCTUATION COUPLING 

Once the quantum states for the effective solute have been detemsmed with (he alf 
consistent reaction Arid equations (he next step to close Uk description of the complete 
systetB IS 10 set up the equations driving (he nuclear configtaauoo dynamics Ihese 
eqnauoua ae the translation ofC<g(4) 

Compaiiatioual pmeedures following a dassKal nteohanical peture, aa ii was 
outlined in section 2 i. can be aivl have been imple m e wed by a number of p«ople. Hw 
qiaatunVcIassical schemes belong to this bmily |6,123) Ai a senu entpiiical level of 
electrooic theory. Wardtel and coworken' approach is the most contplete from tlv 
statistical loechOBKal viewpoint For early references aivl recent developments ace 
nfpi. I2d) Siniplified sebemes have been used lo stody chemical evcnia in enzymes 
and solifuon [16, 60. 109. 125, 126) 

Ihc ireaiovni of Uv soUiie*solvent system wub the claaaical Generalized Laogevm 
equation formaLsm |127], with aapecial attenuon to (he present problem, has teen 
exautined by us [6)i a svesHh of information can be found in references [ 128* 1 3 1 L 
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3.3.1 Qbanlvm Flitcluafto/i Scheme 

Hu eiKtcar mouott ifluctusiiotu) havt lo b< mst«d now c*tA if ai firsi u|ln ajcli a 
nay apfmr hopcitu A nlanvaly aitnplc acMev can M v/orkcd otii *lucfi 
dnctiBcs 9oev aapecu of dyoamical CMpUeg berwrtA »olinc ai*d aotvtni 
aubsysKBU Hik k based on tlu idea of vaAitstit solvent emenues aiound wlucb tl>e 
ui of niKtei cao be fliKtiauog T}u< idea, earlier w^gested by Yomosa was e»ienuvely 
used by vs in cwiwciioo witfi ilw Uwory of solveoi effeou [3] where auiiaiKal 
ibedianKJl aspecu sveee analyred Sot also a recett re«ieu l>y Siraai [132] Here, we 
eaicrvl ibe smdy lo (be dyoaevcal aspects iwrodiKing a acorvl aoantizaiioo ap^aoli 
Tlus fonoaiisn is isefvl lo desent* quaouzod ener^ exchoA^e processes 

Lei IB consider the ground electronic stale and mweoi suvciares repetaorued by 
R«'*i and Rn^*'' tlus asHimpiiOo means ibat ibe elecvo-fuiclear system can M found 
fluciuaiing aiound sikIi average global configuraiions wnti finrte (ifeuoui. If we alopi 
as total energy EkX) ibe sure of terms eipiessed in C<) i23i foe the solute with a sifoilar 
expecasion for tbe surrounding medium, ibe oiulenr Hamiltonian uiuloding die kinetu 
energy operator, HNs^iiy2)B>l|paHi can be wniteo as a sum of tenu belonging to eneb 
sepniaie subsystem 



fHNs*HNfti •OtiX)* CnnK))^jl,(Xl = fc,ij^,l;(XJ (32) 

Observe dial separability is only formal as tlu potential energy terms, GstXHGeuX) 
tkperuj upon ibe configuraiiOA of all niKlei m die sample iwe have neglected exchange 
terra for die time Muigi. To stmplify noiaiions, t|uancum irule): i in die poiential 
eiurgy terra is avoided Unless otherwise stated, we assume dial everyibmg is occumng 
ai Ibe eleoirooio giound state both of ibe solute and SDlvem Hie analysis of Uus 
e^uauoA can be made by first eapaiwUug ibe erusgics aiound ttansienc structure Iboii and 
Rimn) Note that the ura scale of ibe moiiotas avociated with ibese traniieet structures 
IS siguificanOy slower ibau ibe auclenr vibraitons 6R.s and &Riu urouruj die molccidar 
equibbnum configurations In many siniatioos, Rs'^ can be a stationary geometry 
obtained from a quaniiim cbeoucal calculation For (be surrounding medium, Rm^' 
may M oru of ibe thermally accessible global geometiu configurauons for ibe set of 
rigKj molecular solveni molecules m can be a zroltie ce a peoKin model) If ibe 
sunounding medium is provided by a peoiein, then tbe X*ray stiuciiiis may be a good 
repre«niau*c of Rm(n) Hus. sapauding CsiX^sGsiRs Rmi in a format Taylor series 
of two vector variables, one gets an expressusn in terms of fluciuauons for ibe solute' 

Gs(X)* G?(X‘“))-f^Gs(Xy&Rs>('‘' 5Rs + (d Os(XVdRnK'‘> SRmt 

(i/2)(a2Ga(Xli«RN2)^'<>' 6Rs id^OsfXvaiLsdRiilCO &IU SRm •. (33i 

' ifidMatmi d (tnsof product ihi ftlL sod ihi emji of MCOfuJ 

A asubr tquoiNW boldj for ibt solvett cf «u/?outdm| JbcdMim. 
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0inf*WCinW®^)4(aQinfXK3ltmW^J 5Rji ♦< J OrofX>®llH)<^ 5Bj + 

( 1/7^2 iftm 3Ro^ (9? G«Xy9K)9ftfu>:o * <Rs Sftm4 04^ 

Hu MRjal 90loUM o< Ed (27) for (Iw con/igiaauoual 'Met can be conceived as a 
fiepft'iK proctss. l>te ftiicuauMs around the uansieiu con/jgueauou X(o) = iRs(ni 
Rin (nj) cMtam — pdl-fiKD — vjbnuons by Uu lummottcular force field. 

ijbrauMf and cage vibeauon modes of fooleruJea as a whole Ihe mnaaeai configuiaucn 
evoiving m a diHeieni ume xa)e cooiains diHosioo leems for lufuid efivuofimenis 

In oeder (o inuoduce some suopUfkation we fiisi lo<A M solvoii fiiKnoaions TV 
Unear term (dGoHXVilftnilf^^l &Rm can be luglecud l>iis would mean ebat Uu solveni 
molecules are ai iheir isaiiiteni) ediulibnum ccnfonostiou lo ihe «o)v«ni, «'lule (he 
cross Unev term (dCmiX^^3Ral(''l, dRs survives 'Dae objecuve now is w consmci a 
sunple model foi Uu vibraijon of (be solvem molecoles Hus is dotw in Uu barnwruc 
appro xj man ou To consinici sudi a simple modal sysiem, consider Uu quadiauc irrm of 
tlu noclear Hamiltoniau. i e * l/2xd^ OmiXlfdRm’H")' SRiu aitd the kineiK erurgy 
term. HNm of E<^(32| Lci us evume Uaai tlu normal mode problem i< solved so as to 
gei a simple harmonic Hamiltoniao Usuig xi k> Kpream ihe fluctuation variable of 
Uu mb mod: iihai for atomic solvents cen M thought of as flocniauons of a solveiu 
atom at hh cage position i and p, the cononuaUv conjugated moment, one may write a 
model Hamiltonian opetasor foe the solvent as. 

HflifiO = ( ()f 2 MmL)P »2 * 1'2 Mmk<s lyT ) ^ 35 , 



»bere is the sduare of the ehaeactetuetc oxJIsuoo fredtiency of tbe t'lh mode 
(saomi of the medium system and is the effeeiive mass of Uu given modr 

For the solute a similar eapreaaion can be worked out inote iliat for complex 
molecules it can t« computed wub peeseni softwwe technology) 

Hs(n1 , Ij iO/2 ms,?n^2 .,1/2 Ms,<* j 

Impbeit in the treatment is the existenet of umcary iransfcemaiions allowing for the 
diagonalizauon of tlu isolated i|uadrauc HamiltoniaiiL 

Now. lei us consider tbe bilinear terra id^GmtXifdRscIRmHnj 3Rs 3Rin and 
td^G»tXi/3lb.3RmHni' $Rni Tlaey ltt*e to be transformed to the flociuaiion 
frame Ihe feemer uno contributes to couple solvent modes with the solute, ihe laitar 
describes Um coupling of the sohiie mcMias with the bath For the ume being m will 
only retain tlu so]ote*solveni coupling Applying (in pnnciplei the unitary 
transforraiions allowing foe partial diagonaluanon of the solvent at>d solute puadraiK 
models to the bilinear lerm, Uu followiug form obtains 







yu 

H = (HjnC^J + H$(n) + < l($:iD))fc 9k + Zj *j C<m;s]|k flk J) 

As li showe Iwloft' for (he rolutr. (he Iktwar irrm can be indirded je the <)iisdrsiic lem 
by tedcfjnjbs ibe fliKOjatiott ofKtaior. G(mirhs a rretanjuJar matrji obiaitwd Iron ihc 
secoed crosa-derivatives coupUn^ the aolute to tbe solveei: l(S'io) i« a vector obiaioed 
by ainular procedues from ihe idCiRitX)/dH&)to> Itoear coupling How u> acuially 
pe/fonn such operation la not directly iiDponani now Wa aasunr tliat. in p/iociple, 
such operaiioru are feasible 

Tbe model Hamilionian (37} obiaieed from Be) (33^ coruains solute oscillaion 
linearly perturbed by its coupling with (he rolveiu as wen a< bllioear terms that becak 
dowe a (oiaJ sepai ability between solute and solveof 

H = 1} f (U2 m^)pj2 tl/2 iK^wlj * q 'i - ^ t- IJ q'i 
- Sj, 't'nUPK^ *1^ mfiAwJi^ i\2 ) 

• SV q 'kG(s.QJ)i;, s'j ,38 > 

Tbe linear effect of the solvem on ibe solute — Z|l(m,s](j q^ — can be represeoted 
aj a shift of the )*th mok ceigin by (l<m:s)|)^/ Hiis cperaison irivially 

consists of completing the square for tbe q'*vatiables Defioing the new shifted 
coordinate asi qj = s|j/ra>jw|j^, the term |l/2)(I(w:s)jV is to be 

subsiracied from the total Hamiltonian and included le an effective solute Hamiltonian 
HseR 



f l<eO= 2j i (I'Z 1*1,11^2 .1,: q^2 - 1 i«l<fTV8>»2/ j ,3 Sd 

The solveoc oscillators could ba«e Ewen uoimalised in a similar manner which eiplains 
why the linear term was not incorporated from the beginniog Note that the terms added 
do uoi affect tbe dynamics, iliey ve constaut quantities that might be differeot for tbe 
different transient configurations The linear term introduced by the solute oo to tbe 
sol vest can be ahogeiber neglected. Tbe model fluctuation Hamiltonian cao b« written 
now as 



H eHw, .2kUi^Mi(*)Pk2*l^ UnkwSifik^ | * 

Zhij qk Gfsjiilkj »i («) 



to within a constaut Usiog oow a second quantization approach for the oscillators, 
namely |A7J' 
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«|f= '■''( I flj • I V Mil *J|* ] 

aj = V(|I,j*5jV24) ^ 4j • I KyM€]»Sj* > 

for ihr arauon ofvl anhibuott op*/aH>r» ird foi tlv solvret 

bk^-^1Utsk*’f8k*'A’( *k • ' Pk' l*fnk ) 

•>k »k *i Pk^^i Wfttk') 

(he HaBUdouiifi (40) ificloding B 4 (39) no« for i mIwc end rolveai (UKludnig Uw 
zero poitu mriy m H atvl otter (onrtatu lens)' 

H = Ejft ©y a,t*j * Ek t ©5,k bk’bfc •IjZfc <3-a»),Ujt(b-b« \n (42) 

atvj to^ an ©ajotta] mainces eotMajoirf tte IreQuencKs of each iiMde for tte 
solvuM atvj ntadjuov rr^pecuvtly TIk operator bh^ (bk) creaue (dmroys) s baiti 
oojtatioa of k*type atvj etttigy Sjou)arty, 4 ( 4 ') deeiroys (cieausj an 

oojtatioa lA the soHjk Ai (xniaiioo< eonetpoeds 10 vibjatioo'libe syBena, they aie 
oiled pbottons Note ihai for e^ uaAnefu configinuott X(») iMn should be a 
HafDiltoniaa of ilue Type so (hat a siaustiol avera^ oHj«t aUo be c»runl oot o«u Uw 
aolveiu spccua (alttoogh if comptftauonally ttu is eoi aa easy last) Ip «'hai followa, 
f/e aaeume that tlv some iiacUde all OKiDaiars corrupotadjoi lo jbdepcttdepi iransieM 
copngurauota «>iaei«bcal avenger are jovolved Hie coeumdaiion relaiion ftf 

(Iwse operators are For solveoi opoators similar ©Its hold, and solote 

and solvent ope/asota eonmiftc among these 

Ibe Hamiliotuan given by Ed(d 2 ) corrrs|)orKjs to a felly coupttd OKillator modal 
[133] Hu; (oral Kamilioruan is oh then as a sum of a soUir Haniltoniau, Hs 
sorrounding seedia HaniltoniaA, Hn. and the bsbnejr coupling operator, Heu A crystal 
cnvuowDeoi is a limit case (hat is implKK ui ilae prrsent approocK. Adaptirg iIr 
langoage used there oir may duunguiah acoustic and optical modes Note diat ptaonous 
are not coopled with eleciran motion at ties stage Hr effective electron wave fouctioo 
would act as a son of '*wiom~ □ectron etcaauons have finite Itfeanaea which deperd 
upon Ur interaciions with (M sorroundiog meditire It is at (bis level where dynaiBKal 
aspects would enter the desctiptioo of sohiK-solvmt modulation In crystals tlv 
anhaisDonic pcrtuibotion terms deirnnipe thermal expapsten phepoovna as well as 
rfluilibrium ilRrmal dutnbuuop of phooops[l34) Htesr txcKaiiori modes ve 
responsible for tlRreul copductiviry properties Propcrtirs analogous to these are found 
10 otlRi surrounding media. For ap interesiing application to the phenomenon of proton 
(rapsfrr ip benzoic acid crystals, ilv rr^ler is referred to the paper by Skinner and 
Tromnudorf |135j 

(p the above sense, tte sysRm may be consadered as a ilRrmodynapsKally closed 
systsn Utat will aroin equJdirium if a MP-eqoilibJttim flucniation were produced by 
soov eaternal means 

[1 Is worth noticing that energy eicbaogr between <|uantiuD states belonging to the 
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Afvl 90lv«tt are eti<ured itt (^u fremcMMk by tlv lutiMar Km (aad all oib«t 
trrms <lviviAj from (be Taylor eipauuott 04 s (3}) arel |3AL la ibis repr««ciitaiiotL ibe 
atctted leolrcoJn aot ss aourcs of iM circvomsgtwiic fKld. foi a sysrent havtttj a 
given amouru of aivtgy at dj«posJ all (iiantum Miti (bai arc eaergetically acccaatUe 
•ill be pofHilaird. Hir tirw rrfluued to do it ^ould depcrid opon paiiKulai tifink 
aspRU. 

la onlr/ to proceed mw to a ctauMacal otfchaiuca] daaotipijori of Uv corieapoadirg 
retaxaiioa process n is coovciuret to solve the eqaaikj of mouoa for ibe aeasicn and 
dauracuon operators and cast ilKet la a forw reasemUirtg a Cerwraiized lAngevm 
e^iatiork Wr wdl only aXeteb ibe procedure 

Hie problem no* is to find out Um tiioe evolifuoo of (bese operators Hie e^uaiion 
ofiDoiicn for tlKse opuatora air [47, 136). 

(biifdi = [Hal and dbiikdi = [Hb] (43) 

Hie comporKfus can be foneally solved For ibe preacru case one gets for tbc time 
evolifuoa of ibe solute operators the cfluatioo 

dejOVdi = Jt f ^ A [ ri(»*ar)iG|vO-M)k ai) ,Ui 

Hie aolii(e>solvem sysKot is cooplrd via solvent operators (b*btik so that iIk 
e^iatioa of iiKaion for tlv aolvem operator is to be solved firsi Using Om comnwtauon 
telauons one gets for tlv luKar tern components the equation : 

* *Sj H t«(l)-Ha 1 ' Cjfcl* 

[bijtdn* ll/ftoiBHrX»(i^>^t<c))j G,k) e*p*i%,i t * 

[ bk(D) * I l/ftai„tKWo>A«tfo)), Cjfcl CAp-l®m|t - 

co5(03^(l-f )) ( (d «3)*ar(t0 Mt)j G^j.) } (45) 

Tlv matm eleoiem (l^k Idiat can be laXen as real) measures tbe coupling strengib 
bcisveco (be solute aiad Uk solvent moks To get other formtilanons found in the 
Uterasure it is useful to invodoce a real coupbng parameter for each solute mode via 
tlv rrlauooslup: •A.j With iliis convention one gets for the sotuir equations 

of loooon: 



da iOlMi = A IH • 1 SkTl (*•'*1 “jl » 

i/fl (HasrTinjJ* I bfctfO)* <ky6xW,i;Aun,^M»fo>aKo))j | er:p*4o>g|t * 

2i(Xj/fi|2 ZkZj ') WjkWj iVtu^dt coH03^(f'r)l { fdafiVdT-datftWtMj 'J (46) 
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whm M ^Htc\iv€ dppctrvr^ abovt is giv<a ty* 

A tnoie compan fono caa be givet lo E4 ( 45 i (bai si'OuJd mscinUa a Langevjti nujikon 
SAd la obtaiMd by iturodiKiei iM karnd 

Kb 'n-T » ^ 1 't)at< Wjv «Lg( 0 |,(i-«)) , 48 > 

SAd 

P5y)=<f^)(a<bkr(0)-^X;i1iKW||,Aiin,£>(A<©>-at(o)>j ! «xp«uf^t + 
«i^)(Dcil>K(0) -<Xj^fWjh/®pkK»fo)»4l(o))j) cspHWajl ) 

= Zk ( F|ky) -Pjktu ) ) s It Qwt) 

Replaeiiig ia efluatko© (dS) one gets 

d«j(tVdt = IHseff.ajl - iXj Fj(i>+ 

ift Wtij X,k} (K^ '(i-t)(daltVdt^t(^> W)^j ') ,»> 

set «i equsuofts (SO) can be focmsJy eoiiaidered as getw/alized Laageviii equstiotu if 
(Ik ope/aior Pjdi can be ifiKipreted aa a «tochs8uc quanciiy m iIk suiisticat Aiechanica] 
stsae. If (M ibeeiw^ futKUOA doea im* conelate diflereAi aolme Aiode<. namely if 
Ku'stjj'Kj, tlwA a L^genO'type equaiioA follows for eaeli mode. 

daiciydf = i/fi IHserr-ftjl * »>-J FJO)+ 

iXj 21 fdtl K,«I. f 1(de (t)/d«+dt1(f J /Of) )J k {51) 

Ia abaexe of iIk ofwraior< Kj aAd the solote operator evolvea oitdr; tlv xuoa of 
(be effective HsAultoAiaii Hs^ff Tlua is ibe type of equaiioo SAalogouH 10 tlv effective 
electronic foxtioeal EqJlS). 

Tbe tenav coupliAg to tlv belli m £4.(5 1 ) alMwiAg foe eoeigy excheAge bcte'eee 
boUi subsystems are givcA by the “frktioe" letegial operator, *luK Fj orouJd look like 
a taiMton (possibly GeissisA) force Note Uw siAularuy berweeo this cquatton ervl 
eqtauoAa (76 or SO) froft oor earlier paper [ 6 |. svbiln Uw fundaiAeAta] difftrexr resides 
in tbe quantum nature of (be eicbange See abo our paper [d). 

Tlv rv»i step is to iotrodxe treipcraiure by avetegjog oiH the batlt operators 
appearing in ibr tiioe dependcAt terms of Eq.( 5 J> |I 37 ] over aa adequate reseeible To 
this end, ilv p^al irece (or smo of tbe diagoraal etemesus) ovrr ibr surrounding 
subsystem haa 10 be taken Fx (M systeAi in nuerxiioA, the effxuve Hamiltoniao of 
the solvem Hewff must be defined in such a way ihai the sujd of i<ads loUv 
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sttrutg ^to wilhio <Mtofd tot Getting tJtt dvaam^s) By (kfiAjt; 

lolvtftt ofKrMDrs la Om (ollowjog 

= bk» - Ij' <Aj’ Wjl* 4«,*H(«t).«ly)V[ (52) 

Uv «neciiv< &ol**etu HsauHooiai u |iv?fi now as. 

Hurt •afcomkBk’ C53) 

«o dial ihe ad>|ijaie aolvetu «taii«acal iettuty nuirii: accordini to UnieolKtg aitd 

cosuvk£n |S4,IU) e gi«eA by 



pan B Qei*' «fM-H(n.if /kT) (54) 

ft'bere k js BoHsoson codstaM. T jbsolifU (empustuK aitd Qoi (Ik paniJoo fuficuon of 
tlv aotvsfii fiwdiun' Qn = uaoe «tpi 'Htira^T^. 

are two mediafiiams. at least, that coopic the sotuie jotenal mode* Ore is 
reftresniKd by ibe b<i lam trt C4 (50) Poe Sq.iSIl since (M cobic tenos m the sokite* 
sol\'«tt (oupting terms st«re rwgiected in (be Taylor eapansioo, ilw solote moka arc 
uiKoupled amoog ihereselves. and they ve ooe by ooe coupled to the surroufidirtj 
mediuet oscillators, so that sikI* a mode coupling cao be iotrodiKed by lecairuog cubic 
and <|(i»iic teniaa. Of course, orv cao assume (bar (be euci vibj^tioo*rotaiion spectra of 
Uk solute has been previously detenemed and peocetd (he analysis witb (be '^tuar 
quantum states Tlv coupbogs with the solvett arc tot changed m their eoence 

Simpk models 

We have peesented here (be quasi harmonic appeoiueauon epnomued by C4.(5I) to 
sbo« one way to re pee sen t Uv dynamics of bueWar ntouens in a quantum mechaiucal 
scheme A geoeral solution for these equations cannot be obtained However, a numlwr 
of particular cases cxiet for wlucb soluuons have t«cn svoriied out in (be bteraure. 

For a solute single mede, Lindeoberg and cosuotkers 154, 133) have peesesued a 
detailed analysis of the simplified resulung sotuuen of C<^(Sl) Poe two-level sysieme 
and a dinter in a Im bath, (borough analyses also eiisi |I3B| Model dvmkal reKUona 
•n condensed media using bilinear couplings have t«cn discussed by Cbrutov [139] 
using a two-level model to represent a tevting system, set also tlw intcresung svoik by 
Polbk |7Q, I40| The different forms of coupling operators used in this model are 
special cases of our general analysis In f^ when the Taylor csponsicn is stopped at 
cubic terms, tl^ solute solvent couplings of the form. Qijl:(*>rtli (Inlrtil: 

Mil appear ui the solute*solvem couplings Simplifjed forms have teen used to model 
crvtgy traiisfet in condensed media, eiciton confuted to a dimer and pnlarou fdemauon iu 
a (kformaUe medium [44, 138. 141-143) 
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3.3 2 I Uiteaf osftllalof aaiiifile. TIk sm?rsl equMOfu cart now be ipeciaJued to Uw 
csK oa obc liiKaf otciUaiai coupled to a Otemal bsih. We will closely follow iIk 
analysis |i«ut by Liadeabeig aitd West so ihai the deiatl« aod <knvauons can be 
consulted la ibat pspet fl33) 

Tbe toul HafiuliontaA of &i(42| cootaias ooe oecjllatoc, jsi, wnti eoergy = 
<m, the sobindeaj is diopped m aB e^uauotts l>te behavioi oi tlv ^uantuot oscillaioc 
j> cliaractcnzed by o the naiiual frequency E/& = ots. ui Uv couplittj sirctt£ihX£ 
between the oscillator aud Uv baUv lui tlv ntemory ome tc« ^ of the dissipasion of 
osciUaior eaergy by ibe beat bailu and tv> ibe bash's teotperaute T TIk equsuoa of 
teoUort IS given by C4.(5I) wuboul submdnj 

Hie operators PVIU defined trt Ga.(49i are taken as fluetaaiions on (he aka that 
at Uv tmual values ol ibe bath operasois are unetrtain Qisembk averages over 
intual corvjitioas aBow for a defiuice spccificauoa of ssausucal propeRKS Tbe 
siatistieal average of (he stocbaaue forces PV(i) is calcubted over ihe solvent effccuve 
msemble by lakiug the (race of (he operator product proFl: iitus is equivaleoi to sum 
over iIk diagortal iiBini elemeAUs of this product), so that s Trocerpm^t is 

ideoncally aero (F^OsFkU) m this pariicular case) Hie rton^zero correlauon functions 
of Uv flueiuauoas are solveru siaiisucal averages over peodocts of operator forces, 

<Flji l(IFk'(i'l> * <ik «kk * 

<FkO)Fk'ttl> s <nk *1 le^p-iUaiWi-O) 5)d' (55) 

withok* ]f(eap(ftca|ik/Vl)-n sTrrpni Bfct 

Tbe kernel Kit't) is rdMd (o Uk dissifwson process Ibe puantiuD flocnsuort* 
dissipation relation yslda 

Kfi-t^Zk * lkrt>lk(0> (1 4(08*1 tn(*ffitDoH/2kTi ,56) 

To get a cCassical limit, tbe syinmeirued eorrelanori fuucuoo is rcpresertied by ' 

X^«fk((Hkrt) • (571 

By taking (be Ikok £<>0 m Ed (56) orw gels itv classtcat Imtl 

Klt-fl = (l/2rT) D ♦itl'tt = (J/2VT) ♦(l-t) 

wbere Um dissipauort, represented by K artd the flueiuauons desentod by tH jre related 
via (be classical flPccuauoiHbssipauon theorem whose marhemaiKal espressiou ts 
E4(S&)[I27). 

To make (he trartaiuoii frons the level of ibeory (o expennteAi, (he fUieruatiov 
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dj^Dstiou reljikot j< avutnnl lo Itold Par sifople tno<kl lysMeu. ii sn& sMwn je 
|I3}| ihai ih< Kiual <|ijafiniJD rclMiott Itu ro( the sane ferm ss Cm dusical one. lo tM 
luglt-ieiepe rat lire Itfoii iIm claa&icol form obiairu Tbia iiMde) coa be denied from 
Ed <SI) by re«ntiAj (be Hint over modes in spectaLzed to one «olote oiode ei an 

lete^rel over bsdi fredueAcies Npee«A(nl »fth a density of staiee D(0) Note the 
CQirebtioo Mtiveeii this mode baitfs with Uv aasumpeton made lo derive Uv eQuauooi, 
rtamely, (be msienn of eodecuve vibrauens id the aolvoAL To go a step funber, a 
pMiKolai model for Uk density of auies cao be irurodueed svlucli aeioums to take 
Dl0)W^{D)^^ai equal to Cm eipiesuoo i Imegroiirtg from frequeecy 

eero up to ifi/ioite, orv gets Cm empincal formula ^ expi'T^i'tlj. Here, 

repeeseois tlM memory lime of ibe disiipatiou artd la es«rtiially the inverse of the 
plioiMn bandwidth of ibe Ik 31 bath cxeiiauoos ihai can be coupled lo ibe oscilbtoe. h 
reducti to a delta ftinoion nhen y>>infioi(e. TIm coeiebuoA function 4Ni-ik lO ibis 
moikl IS |J33j 



fli(t-t) = )dti> <u/(T2*o>2|f2 0(0+1) cce«(t“f) 



usiAg (be same lutegraiioA limits iO,<q aitd nsv = l/feapf^hiT^ * 1 ). 

lJudertbrrg and West covlode. after analysis of Ga.i59^ at low tempetainres wImm 
kT«^*f> (bat tlM (oerebuoA ftincuoo decays on a lime scale kT ratber than 1^. 
Ibiiaa, tbe bath csa dusipaic eaeiiatioos whoa energRS lie in the range *'hile 

tbc spontaiMotis flnctuatiorts occur ortly in Um range iO,kT) if kT<^. The correlation 
time of Dm flocnauorM is tberetore tbe longer of ^ kT and J/f. TIm uka advaiaad by 
these authors is that flaciuauorM and dusipaiion cait have quite dutuKi time scales 
|133] Tlus IS imponaai if tlM two Qiiauiaiat states of Cm system of mrerest corresporuj 
to chemical mierconvening states |J39, I4d, I45| 

To complete tlM description and get tlM ccnnecitcn with (be soIur emissioo and 
absorpaMn ipecira. tlMie is nacd of tlM correlasion functions of tlM dipole operator pjs 
(af(Ka^(t|ij and, consequerufy, tba dtfferrruial equation for the one solute moda bas to 
be solved TIm teller is referred to )133) for detailed aaalysis of (bis point as well as tlM 
equations cooirolbng Cm relaxation to equilibrium population. TIk eiMigy absoiwcn 
and eeuiSMA propenias of tbe above model are detcimmed by tlM tsvo-time coerelaiion 
foKtions' 

Cabs(t> = |imrx« < uUbt((*4> 

Cem(« = lim«-»e < u(t4Pu4iE> liOt 



TIm Fooner transform of tlM correlation furMnorta Cemff) and Cabsff) are Dm emission 
fSem) and absorpuon (Sabs) spectra, respccitvely. Sem = idtC«m(f)eip<*io<)'(he 
imegration limits are (•••,•««) 

Espertmental probuig of the detailed solute*solveni dynamical mecbanisms can t« 
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obuiMd O' nti CO tUfie potary feniMSfcofid sf<cvo«co|>y IJ46) 

Ftmostcood sotvoiMfi dyuancs ciputiMtiB m waitr [147] dearly )uai ai ihc 
exjstaiKe of o bioiodal respoes of tlv ul«uu lo a diaiige lo solute charge deauiy ihai 
It produced by pboloo ab«oi|Kkoe for ifisiaAce Waits ap^tva to 4iost an uHnfsti 
comporttM lA the ^ iiiBe«cak ai*d a sloa' comporwAi due (o diffusive eiotioot 
urlMse tuDcscale urould be ia the l/yrau^ 

Hv bted for auantum evchaiuca] ucaUDeui of solute*sol«ite sud soliftc*aolveai 
uiKtKUOAa is tlliuiraied by leetAi NMR eaperieitAis of ueaguig urnti intenBolemlar 
owliiple^aficuiD colwiceces ia sotucioe Correlaiions beiwetA apiAS lu diffeteoi 
outecules «'ere detected by Aiaguetic>neld gradictit pulses [JdS] T}v sepamoA range 
can be tnoed from less thaA 10 pm to store diaci I issv A (beorctical analysis ofihese 
efftets svas leponcd by Warreo and cossotkets |I49) l>iey noticed Uut tM intenoolmlaf 
cross peaks are not due to radiaiioA damfMiig but ate induced by a loecbanisn that is 
tocal in nature For clwsucalky activaied systems SLiebkov [ISO] has developed a 
fiAite -difference equauons of difftistona] type to study vibranonal relautioo processes in 
binary gas miitures of guaAtum osciDaiois susiiclmg diatonuc moleculei. An 
inteBesung overview is giveA Uvre of tlw Russian coniribuuon> to the tbeorcticaf study 
of rlrcvooic etciuuon aud looisauoA, equiltbrioai approach to tbe iDolecuJar 
ttaoslauonal drgrees of frredoev lotaiioAaJ-vanslauoAal relaaauon, etc 

Hit reader can see now that eipennseutal condiuons arc progressing in socb a way 
that would allow for venficauons of the <|uantum (tMorws of solve at effects Hm: 
jopofiani tlworeocal faci is the possibility of rccasiiug tbe siaudard ilwoey of solvent 
effects, based upon claeHcal stauaucal loechantcs, uico a tiMiie cotopleit guaAtum 
oicthaiucal approach. 

i 3.3. ^bainiVin Ckemtcai Frontwont 

Hk analysis of Uw uoic dcpendeui SdvndiAgtr equauoo can be by ustAg stamlard 
QuaAtuoi cheiBical procedures in the Boni>Oppenheimet approxioiaiioik us coAsidet a 
sysiesA prepared ia Uw n*di <|uantum siait of a solute molecule wbidi a coupled to a 
surrouiuliAg iDadium ariiug as aA energy suik. Ihc surrounding inediuai is tepiesented 
by a set of QuanTum siatas whose energy barulwidih overlaps the discrete solute Quainuin 
level. Tlw obyecuve is Uw determiAanoA of Uw cquaucei of moiion for (he probabtlity 
anplfiude of firuliAg ibe system m (be n*th state after a ume t when at it svas 
prepared ui iha( state Actually, one svould be lookiug after the euergy rduauon front 
Uk QuantiuD n*s(ate towards ihe m*sia(es of the surrounding mrdiiuD a situation already 
analyzed wub second <|uaniizaiiou fcemalisn in ihe preccdiAg section. Hw aAalysis can 
also M dorw by starUAg from equations Ul (o tdi Instead of equation (S), tlw total wave 
function wdl be wntteu as' 

H'(r.Xl1» SkZk(X4>*Kir.X) (61) 

where tp^rX) fulfills Eq43i with eigeAvalue E^cXi aitd nlX.ii is a soIuuoa of the 
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CJJM equaiion 

A 3lnfX JV* ‘ (HN .E»fX) > x„lX,D • Sin*„ H n XmOl.o (62) 

and a 91 of oquMons for ihr aolvetu sistea' 

ifi32*,(X.iydl = (HN •Em(Xj ) XmtX,*) • KNmm 

Bcanttg in muvl how ihr syum war pr«Qai«d earwty, for sti iiMn otv 

gns for dir aolvaru oiode<' 

XmlX.tf e- (i/ftj i dt Zjn'm %m'm ®*Pl*' .Em<X))(i-tiAj Xm (M) 

^4ow, Ed (M) B to br replaced la Ga.i62) Before dojiig (feu, ti la eonvrtiBAi to eisaci 
ilv une m'so m nimniaiion stove It la diu lann wh^h will rupood for a direct 
coupling berwreo dir «oliftr i)iiaruaai flair aisd tlK flaira around it provkkd by tlv 
solvmi Ail oc)9r aolveru flaira are not correlated, to first order, «iili the solute n^aiate 
Tbia, Ed ( 62 ) esA now be wnitte ss' 

itdxn(*-ivai = IHN *efl(X) > x„(X.D - 

(iA)2.*Hi^Nr»w HKnw JilteapJ-) IHh *EBlX)4Er»fX)-En(X)Xl-tkA[ Xt<^-V(6i) 

(Ik raporKUial teroi becomes a slowly varyui| ftibctioo if (HN •ErifX)) XnilC'fi is 
nearly always <dual lo E«(Xl so that orv cao neglecs Uw rt-drpmdencr m ihe 
nponeniial PurUKroiorc, assuming that dir mauia ekmems HN»% we imjefondeoi of 
m in (hr manifold coopled (o (he n-siate, and defining an eiKrgy drnarry of uairs piE) lo 
ensure numerical eQusliiy, (hen Ed (6S) can be given dir forev 

ift 3x„(X,iVai » I Hn -CniX) > XnlX ,i) • 

<sA)(HNMnf^ «l)Ji3«£omi «»pf-KEin)(i-lAl XalX.f) (66) 

Tbis efluation has t«cu by Sundstrorn and co*o(fcrrs |15l) and adapted (o dir 
analysis of fmtosecotsd spectral evoliHson ss oioouorcfl by (he bomlnwiaiuig evsnis in 
banierless isoaierusuoo ui soiuuon Tbe dicoee(kal derivation of Abetg et al 
earablishu a link beiweefi tlv Smoluchowski eduation wi(b a sink sod ihc Schrodiuger 
eflujikon of a solote coupled lo a (heneal baib Tbe rewler is referred to ibis lotfortani 
work for furdirr tlvoreiical details arvj a diorough desctipuon of Uk esperiovnial set up 
[i i> sufficient to ssy here (har dir classical link is eaiablished via ihe Hanulion-Jacobi 
efluatioci fomsalisei By using ihe standard aiuau XqIXjb A(Xt)cap(S(X4VA). wiKre 
S(Xti IS tlK scuon of iIk dynasoicai systeso, and iwgiecung terms iu &2 oiKe ihis 
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aiuau 19 eiiKml itt Ea^ 6 f>k the khm idibi fulfit Cx HanulutwJdcobi tqustioo l>ie 
UoUcin IS no« slulMd lo 9>t cakolsuoa of ilrae irajcdOTVs midtiio^ sisuooary (h< 
Mon of ihe sysKin T}v Hamjlioo*cqustioo for ihc cttsucal variaU<9[ISl| foUows 
from ilus 

RofD Uw aoatysrs u«««aicd in tlus actioo, ii can be srm itiai ai t&asi m onnnple. 
Uw ononoous (Ofoplnity ofa soluir aurrooinkd by aulvtmcafi be reduced to peobkou 
of siTBller coeifikiiiy T}k luereuinf p<mdi is ibai ilMse tebnvely soeple tTMdH 
smauccis have bean most useful to cotrebic npeiiouiual reuilta derived from 
femiosrcond specvoscopy. 

3.4 MOLECULAlt HaMILTONIaN IN AN ELECTROMaGNEHC FtELU 

Riysm and cMmirtry ate carried oui in tatoraiory fraioes using coordinau syaienu 
V SSI up npsrimcntal devices Before disctia&ing quauum meclianical processes let is 
recall ibe fom of the toia] HamiUonian for a sei of panicles bavuig charges ^ aid 
fiBsses loieiaciuig ikiU) an electrofoairKUc field A. This Hamitiouian is giveo by. 

H« U I KrJ VcM ^ Hnd (67) 

tfd n M (tie tnonerwust tfid p^tiM vMtoe opttuQt% of (he p^nsele 
a. A(n IS tlK vecior potenual in ibe Couloeib gauge (it has only transversal 
conpoiKots Cf4lS2)K Sa is the spin opctaior and Biral (lx magneUc field cofopooent 
of Ibe radiaiion Heltl evaluated at tbe posiuon of tlv a-il) panicle, gj is tlv Ibiwlfb 
factor, V^oul irprrsevs the Couloetb energy of the set of chaiped panicles iKluding 
tlwir self-energy ; fiaatly, tlv radiation Hamilionian Htad is rapressed in terra of 
transverse eleccrv (E‘i and eugnciic iBi fields l>te ladiauon KamiUonian can be 
ripressed in tenus of dastracuon and cteauon 4 ] and ajf operators of a phocon m the 
i*th field mode defined by clw wave vectoi Iq pobrtzatioo ej and frequency bj schj 
(hjdKjL CB speed of light) (45,lS3,l54ji 

Hra(^ ^^ 0 }j{ Sjtaj * i/ 2 ) ( 6 B) 

Note (bar dra(t)fdi s [HjaJ=(lfmj>(Pa''1a^l^Jil consequently, the first khd in 
|b9> repecsenis the kinetic aMigy of the system of panicles in tlv presence of the 
(ransverse rlcciroeugneuc field Note the analog between this tepreseouiion aiwl tlv 
dynamical solutc*solveai coupling of seeven 26 where tlv optical phonons are 
equivalent to rleccromagneuc photons of low frequency (tlM acoustical phonons are 
related to sound wavesi 

It IS now appeopnaK to can HanuHooian (S3) as foUows; 
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H= Sj <l/ni8)(^l4 VCflu) ♦ Hl<S.B; - H5(p.A) * H;^(<|.Aj * (69) 

wtim HiiS3) <k&cnb« ihe couplittf of dv iDoleciJar i|Htt OMraior %«jth the 
tea|iKUc n«td and Ht «>'nh ksZ oi 3 cofmfotvla (o betsi'tafi the clurt«» and 

(he alecirofBsgtwuc rwfeL js liftcar wlule H) js qualmc je A. No*e ilui Ht 
cotrespoeds to U(xB(c^ev) Aix.cjp discuued ttt Secnott 2 2 

T^«te are wo ways Uv Hafniltoniaa |S5) no M used lo analyze pfeyuca] proUema. 
[ft otv of Otenv Uw synne does imm have boutvl stale' and tlw uro^rder Haieiltoniau 
Ho IS of ihe p^-tenos and desenbjog ilx sci of charted paiitdca and a non* 
leteiactirtt rodiaitoo field T}v couplintt bewren Uw pnniclrs aioont dinealvn fVj 
and with Uw iraiasvrtse field lany or all of die Hu) aie ucaied as ftenutbaiioru. 
CofBptoo scanennt and brem«<trah]urtt radiation are pMitonwna treated la tlu< 
fiaeiestork |5S, 133) 

A second type of peoUms can t« treated by defifuiig a zero order Kamiliouian stith 
the first two terim, ^ i lffi)a)[Ps)’ • V^^kj 1>is correspoivlt to die Couloetb 
HaiBi)tc(iiao la otir equauoit (It where tlK self is left oot Tlua partiuouiag 

peneita aascniMiat (Ik systen lato tooad istibtsysteriu representint atoros, eioteculas, 
iswoers «k These latter smeinres can aumerieaJy be idenufied via the coordinate 
re pease luat ton of the Hawiliooian by ealciJaintt (be stationary valMS wnli respect to 
tlK slow motion eoordinair« X. For iIk icunimA tlus procedure leads to eharactetiBic 
fioctuanons arouivl defined re^ons in configitrational space for eaeh bound Quantum 
state (ground state), aibde for stationary Hamiltonians coirespccidint to saddle points 
aJoog paniciJar direcuoos in (Ik %*space one gets a Kdisced set of Quantum states 
having all of them finite lifetimes la the tlK pbotoa (pbonoo) field 

4. Qaanlum Thettry of a Cheoiual loterconser^io ^trp 

A chemical reacuoo b a complo process BesKles thermodynamic fetors, tlK process 
lias wo otlKT dksiinct aspects, kinetic and molecular oKcharusuc ones With the 
development of modem teclinology. more and more complet kinetic selKntes can be 
determined by using sufficieat eipennteatal information and fairly gmrtal computer 
programs [IS5| la order to proceed, n is lueful lo defiiK eibst m mean by a tbeory of 
chemical reacuoas in (be firs place 

la a molecular eKcharusm itKre is always ai least qtk step as whKb (be system 
changes ns mibal wksnury, as H were, to ac<|uiK a different one Tlus is called here (Ik 
chemical latercoavcrsion step Following Um viewpotni developed m onr paper |43). tlK 
laterconveeston takes plaee unimoiccular complex stlKte tbe syetem jumps between 
Quaatum states having different stationary Hamiltoniaias A simple reaction selKnte is 
ibea one having only one sneb mierconversioa etep. Cbeeucal reactions proceeding with 
multiple inwcoa vers ion steps caa be treated along lines similar to (be one sup process 
as far as tbe ifuantum aspects are concerned. 

(t n worth noticing that the cbeoucal intercooversioo step may not M tbe rau* 
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ijouejAj SKp oi ihe ovtfall r«Motk Bin. li this sup does m* happea. ihm t« 
AO Kscuoo a all li i< in (bis wns< (bst a ilvory ol kwiioo raus u acUom a gcMra] 
ihfoiv. and n 13 Uuiaby praft/abte lo talk of the Uaory of difioical loifKOAvmaon 

TVo cbuaa of natMAS are di<UAg«ii«luil diHning by the Aaure of (be 
•ateecoAveeiMA step Hie nrai class cooiains itMse sysKou for a'IucIi Uw change of 
spaccij front Hcti) to Hcij^ is esfraed out betMen wo subsets of Quautuin aaies 
beloAgiAg to tlKM HaiBiltoniaiu Tlu second etas cootains those system requiting an 
lotoAiediate waiiooarv HaiBiJiotuan Hc<ij|, this HaouttooiaA does not have a ground 
stale, taaovly. all its i|uaMua\ states have finite Itfetime aivl defitws specKS related to an 
acsivated coAiptex To cite firsa class beloog tlK uuiiooleciilar reactions To tlw secood 
ottf t«lon|. foi insiaKS, Uw biAiolecular iheneally activated as well ae ihcr Aially non* 
acsivaied piocesses 

4 1. A SIMPLE model TO BOND DISSOCIATION PROCESSES 

Tlwu IS an alternative way of describing the siinpls botvl diQociauoci peoceas in a 
ry|Kat diatoAuc such as, for eiample, the hydrogeA moUcole Tbe inKraioevc 
paraovser r makes SAse for wo colliding beans of b>4ogen atoeos It is a laboratory 
coAirokled coordiAate, sive oiw can prepare two crossing atonjets Tbey have diffeisnt 
electron DC lear flucniatioo regintes (for esanple, ebanges of these st a tes can be sensed by 
the Balovt serKs for tbe atoms, elecirooic and vibrational spectra of H2, etc i Tlu 
defmiuoo of an appropriate reference frame is required to plot differem <|uancuAi 
fliKtuauon regimes ibat od^rttise appear to croas in ibe wandaid ptors using for 
instaiKe r. l>ie lAtetconverstcn betmeen these two systeses Aiay occur for an excited 
ivibeauoAal) quaAUm stare of H2 In the peescru undemervliAg, ibis state is iirearly) 
degeiKiaied to a <pianiuAi stare representing rwo eutiAgled hyvlrogen atoms Ibis lawr 
stare is eapeiiowAialty found to be unbound beyond a giveA eiretgy ibtesbold aad could 
be Aiensured as wo spiA correlared bydrogeA atonu ai large r. 

Ihus, to help discuss chensKat tcvtions. it is advisable lo defme ao auiiJiary axis 
«l^ tbe lAieecon version process is highlighted: this is graphKally shewn ia Figure I, 
Hus aiis serves tire purpoa of diffeisauaiiAg Ure fluctuaiion regimes associated with 
the two <|uanniJD states wbeu Urey are approiiAiaisd as Aiany>body stave functions lo 
tire example above, both quantum stares have different electronic fhictuanoci panems 
Following tire pictonal descnpSKCi, tbe lAictconverstcn process of H2 into 2H is 
tkcomposed in several moments. It excitaiion from ground to excired io*vibrartonal 
state of H2 tevcAQiatly eleeirceuc canted state): ibu laner system may b« ia a defined 
quaAtum rotanoAal ataie, Zi "botizontaTjump along tbe intercooversion ccordnate from 
the raciied ro*vibraiioAal staie towards tbe vtmal state iresoAaireej of wo entangled 
hydrogen atoms with eorrsbted spiAS Such quantum stales are always there snee they 
boteng to tire spectra of Ure global HamihoniaA Ibis is a pure quantum mechaiucal 
peopeny A time-dependent field is required to couple the quasi degenerate srares or to 
peovide fee an energy gap This inierconversion daes not defiire, by nscif the rare since 
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3) ihe vinuA] stale losy <t(h«r rtium lo Cm ro*«ibjauMal QuamiuD uate of Cm hydrogeo 
iDolecok (o.'liioh ii does SfiKe a coMreet auantme uste c«a develop ai Cm 
iotereortvetA)ort report) or 4) u euy rela* by its coupling lo ibe uaiulaitooal coououdD 
of TWO hydiogeA atoru that a.'iU )»1 lo producu, i e it gets uofiped loto the pajorusD 
uates of siMMhei stauottary HaBUboaian AM iheu stam aie coupled by pliotoo 
exchanges as lo ooneal 4|iiaficu)D efecuodynaeiics pioceuKS [4S, 46) Itua, the 
cMoucal iniercooversioo process can be seen as a futvlafTMau] (luaMutu mechafiKal 
peoctss. 1 MUQA at ibe saddle canooi be seen a< a free cianslauona] iMitott, although 
crossings of Cm potertuaJ energy reay provide a zeio order desctipuoo for the counting of 
events ui a classacal siaiisucal ntechaiucal fiane 

Hie recoatbmaoon process follows a simlar partem if ibe liydrogeo aiorD states are 
spin correlated In real sinauons this is not rKcemnly ibe case Tlwy become correlated 
by fomsmg an entangled stare of cwo hydrogen atoms as ibey interact IWeahee, ilue 
Is a fioiie probabibiy ibar, having fomted the entangled state of two bytbogen aionsx, 
tins system jumps into one of tlv exciwd vibraucnal-roiatioual slates of the hydrogen 
molectik Htese states exist as states of ibe global Hamiltonian. The ptobabiliiy 
ampUnele is related to the matrix element of the saisution dipole between Cm wo 
states This type of plvnoiiMnon can be reflected a< rcsooaxes in the scanenng cross 
section |S4). Formauon of H would occur if relaxation channels are available to bring 
ihc sysiem to a losver energy vibjanonal-rotauonal quanuim state 

li It wonh noticing thai Cm euigy range required to onaei diasxiauon of H. mio 
cwo atonss in the gas phase docs not suiTia to prodxe an beierotyiK (di*ionic) break 
Ibe diHonic form belongs to a differeni stationary Hamltonian (proton plus hydnde ion) 
and IK energy i< Ixaied at a nueb higher level than ibe erwr^ required to break (Ik 
covalent bond In Rgurc I. the coordmate on Cm intarconver&ion axis of such a quanniro 
state IS |usi opposite to the one occupied by two hydrogen aiores Solvent tcagej effects 
may change tlv energy of ihis highly polv state bringing ii down on tlv eiKrgy scale 
Tbis K what we showed in 1974 for the dt>ionK specRs in a water dimer [I $6) If tlv 
effective HanJioniant still repieaem the same specRS, abeii solvated, Uk discussion 
ptesemnd so far holda. In a polarizable mediusn. di*ionK states ate exr^ stabilized to a 
great exteni lo condensed (polarizable) phases, one would expect tlv di*ionic species lo 
have resonance cooditioos with ibe excited vibrational dates of the hydrogen loolecule at 
nuclear distances larger than that which is characteristic of two entangled hydrogen 
aums Solvent effects are also expecRd to mokulaie the sansitiou moevni Tbia, for 
uisiaoce m solid moleculat hyvbogen tbe diHonic channel would be accessible if 
sufficient energy is provided, or if the packing psii two H*aioms bclooging to Maresi 
xighbor molecules witbm a disiaive where tlv quannuo dynamical process ofjumpiog 
•0 the di'ionic date is made more likely to occur ExpenmentaUy such an effect has 
been detected albeit described along more quantum chemKal lines (charge transfer) [157] 
One can see the advantage of using tlv iitRrconversion coordinate when descrfbing 
different quantum stales Hus coordinate replaces the rexiion coordinaM wlucb in this 
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I^eor)' l)s< CO |>lan (tlw «iKRMv<r9iM u no( tftA st s duetcal euthafun p«oc«u je 
iM sefiw itui tlv iMdott «i ihe i^nen stoog (ti« sisitdaid kscum cooidinaie is (mtM 
a» free ttstuJjikOtial moiioA ]S7)k A« «'Hb any oih«t (•nMittate ««i. Uk inKrcMVCRioA 
cootdittate u omIuI as a ludiauag language Wluk wt can <ksrribe tlv procn«ea as 
changes ia ihe (iiamuoi AiKUaiiofis of ilw partieles u««d (o biuUJ (he eiolecutai leodel, 
«'hai IS physuaJly loeafiinglul i< ihe QuantuiD jump becwaeti states afvl u.'hai is 
physeaJy measurable correspotvla lo iIk ^laeiium iranfiucei ptobabiljtie [IS8] 

4 I l.QujBtvmmechoBics^die tWrcovtmanst^ 

Let us considai a model ease lor a single borvl dissoeiauoo process whcK dvte is no 
Med to (aQ lor an inicnDediaie Hamihooian in the sense discussed above TV 
discussuMi peesemed in 2 8 applies Here, some lomal aspects are dseussed 
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Flgtire I. Definition of die quantum iwetconvetston cootdmaM lor a csuo-elenron ease 
epitomized by tbs hydnsgen toolecule.TlK quanum states are lodieatedio Uk Ects suKh tlwu 
coiTespoiwliug collec(ive%> value 

Tbe kets IT^ and l^e> aie two eigenstatea ow associated to iIk Hamiltonians 
Hdii aod (Ik otlter related with Hc(j) They desenbe dilfaient icgitoes of eleevo-nuclear 
fluctuations Hie labeL i and j are there to uidKaK that l>y spootaiKous orfaud luduetd 
eiDiseion processes. ilKte is a subset of corresponding eicitcd states that would relai 
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(oskaidA ilv itoft'eo «Mrgy boutvl stain Msociamj a'iOi ib< HamiUotuafu Hii) ai*d H(j|. 
mpcctiveJy Tbe former mi^ be iercnlMag tlv vibjauooally-roiaiiooally otettrd state 
ol Uv pseudo diawfDtci, a.'lulr ilv oslter nay be retsted to tlv eleccooic state ot esu) 
(ragmemt at ir/iuite djstatKe atvl each om jo aa eleciroo spto doublet uate Such 
piocesas can be modeled «i(h adiabauc ovsbodt A aecond subset of <|uafuum states eati 
be foubd about ai a gtveu distatKe (nil ji R*re£ioA) wbidi have finite matrix ebsmems 
becsveeti j* arMJ|*states for ibe tadiauon*ioolecule coup(ui| OMraioi Hus can be called 
tlv activated state set For cofoplex molecules ubdergoing a dissociation process, the 
structure woukj certajnly eiove into a awcal eonfigurauoA or activated precorsoi so that 
the R-re^oo involves a parucutar seorrwtric set up (see sect d 2 for discussions) 

Note ihat cbeimsiry fbeces the lotroducuoa of isvo diHeteai Harmhonans, n.'biJe ilv 
total numMr of chained particles is invanani Ia Uv case of a hydio^ ntoleeule, 
ope ratten ally, one can ideoufy the hydro^A molecule witb alt tlv restored <|uantiuD 
numbers It rmitities a djffrrem npenmmi to idsnu^ the liydrogrn aiofns suith theu sei 
of queAtum nombrts Ts.'O hytirogen amos can be lAtctconveited into one Itydrotco 
molecule if the spiA states are cnian^d lAto a global singles state aud an mt«r> 
conversioci process tabes pin In ttini, a hydrogen molecule cao be decomposed iaio an 
entaiigled state of im hyvlrogen atonu na ibe same mtercoover&joo process Tbe 
electr^uuclev Huctuation pattern measured as the expectatjon value of Uk 
intercoover^oo coordinaie i( l.2j defivd ia Hgtire 1. it toially djfftirntfcr both states 
For the R*regioA, about »bidi tlwie is eiugy degeneracy or quasi-desenrracy, ibe state 
of rlrevonuclear fluctuaiioA can jump into die cleciroAuelear fluciuaiion of tbc other 
stale both being djffeirnt but have finite iransitioA dipole amfilitudes to form cobereru 
quantusB states under an approptiaie external elecsofeagrwuc excitation llus mwt> 
coAveraoA process can be formaliud by using standard time tkperulefu penurbauoA 
theory sthete (he unperturbed Hamiltouian is Ho and tbe pemubiAg potrnual is for 
instance HarpA) htodels for the quantiuD states oh Ho are obtaivd with tlv help of 
tbc stationary Hamiltonians He 

Tbe system is prepared at in (be guanium siaie iTa> and die ifuestion (S' bow 
10 calculate die probabildy ihai a i bis (ime t ibe system is in tbc stale r^i> By 
constnriion. these quaaium siaies se solutions of molecular Hamihocnan in absence of 
the radjaiion field, Hc*>H« - Cts l^t> and H.l%*> s e,o IT^> Tbe 

states ve onhogceial Hie penurbation driving the lureps between these two states is 
taken to be H:ipA)s D cxpeiotk where <b is the ftet|uency of tbe incoberent ladinuon 
field and D will be a ome indrparwlenc ofwraior From standard <|uMuum mechaiucs, tbe 
uov depeutkrAt quantum state is gtvm by. 



= Cifcftrexpft t*ilH',k> * Cji^tlexpfi (70) 

tlwA, for a system siarting at i^ ui quantum state rPa> the probability of finding it al 
time tsi in the state fee Uk ca« of iKar*reouani absoipewn is given by Rabi^ 
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^qiidtiM [47« IS4|* 

8ui^(-«UI<‘*',tlH2(pAil't'jft>4l2>tiQ)-a)|a,|^.)2rt)U } (7D 

*b«re o„*®(e|n*e^Vft. 

T}k piobalMlKy ot fibding Cm sygum in ihe sisie tV*i> liM an oscjllatory iitm 
ieMftdMKt For oA-««onafict corvlfuorts. Cm gy&unt pr««erua i line %«idth ai half 
muimum «4ua] to 4 l<Y||,lH*(p.AMYjQ>lf& ouirii eleevni can be expanded irt 
a iDiCtipobr eipsiauorL Cm fim inrw teng tlM etacinc dipole approimsuoa |45. IS2, 
IS4) 

A dMniKal reaeoon la then dueribed aa a rwo*fold proetaa TIm fvndaovnial cne la 
tlM 4|iiancusB iDeehafiKal iruetconvenirtg ptMeaa arwng the aistti, cIm «ecorvl ptoceaa la 
tlM mieiKlaied popolsuou of iIm uuetconvening aisu afvl Cm Niaxaucn pioc«a< leading 
foniard (o prodiMa>i or backward lo Ksccsata for a giveo atep TlMae laoer devnoine the 
;aK St wbidi one »iJ loeaauie (be prodiacta Ibe aundard qiBAUm itMehanKal anturing 
UMory of ;aK proceaaes melda MUt lepecta in ooe [21, IS9>J65j A tpialiuuve Him 
oined analyaif of Cm chemea] fiMcbsiiiaiTa cnforcea s dia^ointed vk« (for fonbec 
analyua ttt Mtomt 

TTm relaiaikon tosi'srdf Cm product channel may take plan via diffeteiM procnree It 
II a common aiiuauoo for bond dia«ociauon that there might be a number of n*aiates 
along tlM j<lianne] *lMre inKreonvueioo may M acbieved In aoriM paitKulai 
aitBaikona, tlM total ptobabtliiy la obtained after aomming over iIm tranaiuon 
probabilitiea £n lC,f(i)l> Ininxlociog tlM concept of denatiy of rinal aistea as Cm 
D umMr of siaK< piEa9E, the atiin i< tranafomed into an integral Tben by taking Um 
U mii I — » <« onr airivrs at Prrmis goldm rule stben Cm time denvsiive of iIm total 
probability is sougiu We have ptesemcd already a discusion of this type of procrat in 
r«f.[4}L. For a aysiem at ilMmal etpiilibaiim Bolunan wrigbt faetoit must M melnded 
for tlM different guantum etaiea involved in order to grt a mathenaueal expression for 
the rate 

TIk elates in Cm R*region for laluch rraonancr is allowed ve called active precursor 
and aoccesaor slates (APS arvj ASS) At etpiiliboum, there is a ayeviMiry bewrtn the 
inaerconversion viewed from tlM SKle of the aoccnsor and tlM precursor sums, and this la 
the detailed balaiMing Tbe iransttun raM from the ik'Siate towards the set {jn| 
mnliiplied by Cm density of statea for ik should t« equal to the transnicn rate from the 
in*staie towards tbe set (4) muliipfaetl by Um density of states forjn [47] 

Hie basK ukss presented stove correspond to an analysts of a typical unimolrcular 
process, as for mstaiMe. SNI fiMchanisin where tlv solvent may have achieved (1 m 
subtlization of tlM di*iouic quantum state and haa ftvorrd tome dissocauon as opposed 
to homolytM dissociation Ihe cbemxal inierconversioci appears Imts to M a quantum 
oMcbarucal change of slate where tlM solvem fluctuations would play Cm role of 
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batt£itts tlv syflfiD (o uar tt&otuftc« of <|uafirje ujOtysuei. T}k tlwoi^ differs iii a 
fuitdametial vny ftom a vateitu boed'ljte aod a motecuUi oibiial-like appnaclxiL Prom 
ilvir very appnmmaic nature, these nwihoda prodoce couplings Mtween eoanguraoons 
itui look aa modeb tor (Iw eiaes quantum states Tbe Uvory Mreiu dieeusicd is based on 
so exact quantum leeehuical approach T}v approxjmatc leeihods. Oast are adiabatK ui 
nature are useful to consiruci ieode)s for reactants, precursor jtmJ vtivated precuraor 
peoavirjes eatenfig in the ^nrial approach Ute quantum uitercoaversioa process 
caaoot be pnsperly handled a'ltb sueli approximate ntrclaods Notwjchstaadini, the 
peometnes associated a'lth il>e siauooary HantiUoniaas can be modelled suith advanced 
quantum cbeeucal tecttniques or semi empirical ones Modeb of the specua iyibraiiona]| 
and relauve total eoerpes are also obtaivd with present day computing tecbniques 

4 2. PROCESSES MEDIATEI> BY INTERMEDIATE HAMILTONIANS 

h IS common knoA'bd^e Ust a clwetxa] iiuereonversion process can take place 
S'beo rwo oi more eiolecuks coev into a eommoo rejion to form a complex. TTna is 
the region corre^onding w tM activated complex or quancuso meclaaaical bottleneck 
(S7, 67. 166) For gu ptuse reacuoas, Uk rsKtanis ve ued up jo a much smaller 
volume than predated by random atvoiinters Ibe problem Iks in the proper 
tdentifKation of the Mvated complex p?, 167] It has teen assuevd in some swxke 
that the moteculas are either forming a relatively undistoited species or are m the form 
of stiongly bound but dicomposiog complexes Hus pome is challenged here as 
complexes approaching tM geomeuK arrangemem of the stauonaty mtermediating 
Hamiltoniao aie those actually opening the intereonversion channel |IQI, ICt2) 

A clKmical I ntctcon version requiring an intermediate stationary Hamiltonian ovans 
that ihe direct passage from states of a HaBUhouian Heu) lo quantum states related to 
Hc(j) has zero probabdity The inKmediate stationary Hamiltonian Hctiji has no ground 
elecvouic state All ns quantum states have a firute lifetime in presence of an 
electroougnetK field These levels can be acceaed from particular molecular spccres 
referred lo as ^ve precursor and successor complexes t ARC and ASC) All these stales 
are accessible since they all belong to the spectra of tM total Hamiltoiuan, so that as 
soon as those quantum states lo iM active precursot (successor) complex ibai have a non 
zero elecinc iranaiuon moment maotx elemeni ntih a quancum state of Hctiji these 
btier slates suiJI tKcessanly be populared The rate at which ihey are populated is 
another problem (see below) 

It d svonbsvhile to emphvtze that the intermediaic Hamduciian Hc(i|) defines a 
gsometry that can bt used to couaifuci a model of an vtivaied complex A portrait of it 
can be obtained at the BO level of theory For iMnstally acuvativaied processes, ihe 
iranxmon state is the analogous of the lotermediatc Hamiltonian, while for processes 
wiibout ihesmal activation la uumber of reactions takmg place in gas phase, such as for 
example, i)k SN2 teaction betareen methyl haldes and lulidex ions [I6d-I7l| i the 
quantum states of this Hamiltonian mcdiare the chemmal intetconvetsccei For particulv 
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s^sKBU. cskuJaud st the BO leva], it has ban MSicad ihai Iron all tlv lotnna] degma 
of Im^tan loaaing ihe aystem only a (cooirol span) an osamjal lor definiiig ihc 
ibdea of saddle poiai TIm temajrnng degiees of freedom form Uk cofopleiBeiiiAfy space 
ai*d na stseoclrenstiy is suoagly <kuemuvd by ihe geometry of civ cooirol spo« ai 
(be stauorvry pum 143, 94, IOO-JD2. 172-174). It has also been coeiputaDorvlly foueid 
lhai anoog the variables esiKnog ihe uaaucioB vector. ihcN is a maimal subMt that is 
sQll aMe to predoce a un«iiK negative cigesivalue Kpeesnting Uv reactive flociuauon ai 
seto order Tbis is ibe so called olive sabspaa Tlv invanafice of (be active siibspace is 
aa mportafu propeity of siauoeiary Haealiooians *icl>o(i( gioueid state 

iM lu take a simfde eaanple, taaoiely a geMnc S>j2 rearuon iiMchaiiisin and 
construct (M state foxtioas for Uw active prectirsoi aod succeasoe complete To 
accoenplish tlus task, it is useful to introduce acooidmaie set stbere an ifiierconversion 
coordinate (X i oau again be defined. Tbis is stcicbed in RgtiN 2 Tlv reactant arvj 
product cltasiftels are bbelled e Hoo and Hctji, and the clwmical inurconversion step 
caa Dsually be lebtcd to a siatioftary HaniltooiaA Hc(i|) aiboee characKiization, at the 
adiabauc level, coerespotads to a s«ldle point of index orv |S9, I7S). Tlv siauonarity 
required foe tlv letercooverxioo Hamiltonian Hctij) defines a point (geoneuyt on tlw 
coo figti rational space We axMiiE thar the quantuot state of the active precursor arwj 
successor coetpteies thai have non zero transition matrii elements, if they eisi. will be 
found in the neighboitaood of Uu< pant 

Tbe inierconversMn is defined here as tlae ~tunrvling~ of the carbon atom along (be 
coordinate X* , the ssretchuig naode of tlae atoms bonded to carbon with tlv donor- 
acceptor distarve frozen at Uv value found for tlae stationary HamltoniaB Hctijj 
Picionatly speaking, aa soon as the C-aiom moves astay froro the plaiae defined by tlae 
three atonas bound to it. itv system would enter the KUve precursor lA?) ui one 
direction and the active succeasoe (AS) donsain in the opposite direction 34ote tlae 
diffennct with respect to ilae commonly defined intetaction complex that sometimes is 
dubbed as precursor consplea: [I76| Hus latter is an lonnlipole compkx. subJe in our 
case a moldine process would be required with tlv gaonseiry of tlv rtauonary 
intenstediaie Hamihooian as lemplste Tbe two sets of quannuo states for the AP an AS 
complexes can nose t« dtoughi of as quantum jumping via ilv quannm states of tlae 
intermediaK stationary Hamiltonian TIv jump from the precursor to the intensvdiaK 
stares IS done precisely m the same way as was dtsrribed above for die bond-breaking 
peocese isr section 4 3 for further ducussionj Huii, while tlae molding process can t« 
iDodsled witb an adiabauc procedure, the cssenoal intetconvetston carum 

To nsake die ideas sharper consider die case of tsuo quasi degenerate quantum stairs 
of tlae active peecursor and sivcessor complexes. The discussion made arourul equation 
($7) bolds Hue beta too Hie activared complex «Jl be the place of a coberent elecero- 
nuelear fluciuation ibai will go on forever, unlrss there are quantum stares belonging to 
the relaeaiion channels of Heui and Hcij) Note thar the itMcbanisros of exciiauon to get 
into the quantum aetivated coroplea: arul those required to nlar tlvrefrom are relared to 
the actual rate, while the owebarusm of uirerconversion is closely connrctrd with an 
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Akctroflijckaf fluciudtioo wt\h duncuruitc add ihi ti^tce of (Jtt 
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Flg;UI*t 2« )rte^9n\'<r^ior> c9^T^fkMt irv fVJCUQns lo llu> 

j S(i |2 Qodel IS dejcnbfd T3tt dormc jr^ ir> schfw above %voulJ esrc^i^vij 

feir irvtAAfv tn m bsbde m Y* ^Alerino CfDW t)v Ti^bi )r> ibe APC AAd the leavtfi^ f^'^P 
M hol^e ior> Y* Tbe ceniroJ cwbcr> u 4ietLbe^ by M dart nec3e The (b;<iefief K i% 
^termtfied by Iho SPiO. wid il>e ^Afiruov stjies tv Ibe \^h wiJ il>e nflu of tbe plore Corr?>ed 
by thff Vsirtxifiverdx liok^ id the Custom beio^ diFFoerd. they eoDrvQl p4i)McaUy be nort>ed 
by A odidbobe proirejx ^ implied )o Ibe &(hsOww )C queeitum rttcheoKs mjiA pf^veil (two 
^rFovTtt ^ujrdtfT> steles eoeiwu be brrted ediebotieally ) 



X A 

• - — ■- X* = <''i-f2yi» 

t2 
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moleculai owcbsttisei. Hie ^utuum fliKtuatuMU ai ihe vuvaicd coeifitei have been 
made evideet «iih leimDchenuairy tecittuqiKS [146, IT7| Ii js stonh rounf ihai tlv 
correiii eaplanaiicd tor thoe npetjovttul reauJis e dtffrtaii from Uw one developed 
l^e 

A< boicd above, (be idea of quantum ^ve prtcjtsot aod «iKceaaor siatea, or active 
cooifMetee la raihet different from (be siaodanl lerme '»»«>< lu cbemtcal reactiviry Here, 
tlwae «tatee aie related to ihe uaiioeafv intemediate Hamilionian Hcti|). TM georwy 
aesoeiaied frith ihi< aiatiooaf> point ie ueually <|uite differeoi from (be georoeinea of the 
mokculea makiitf tlv eocoueuer complexes These lauer nuy oi may not be apetifk 
etauofi^ speeiee ui ibe 4)uaficuiD iDechamcal eenee, taaowly. that they ve quaetiuD 
<iatn characteiieable by iheir apeciroscopie or other meaurable <|uafuum peoperuea 
Siabk charge tranefer conpkiee provide a typical example The set of conplexee 
formed by gas phase teaeeanta in SN2 revtiooa is aootber example [I6S>I701 Tbe gas* 
phase X* .. ton-molecule coeoplex with X=Y=I ba< been carefully studied with 
eaufided b»is set cakobuone by Hu and Tiublar [Hd). TYe results show that (he 
complex has not proceeded very far in tlK directioo of peodocis TIv equilibriom I C 
distance lu tbe complex u 3 396A artf C-l distarve Z IBdA [176] (both calculated ai 
MP2/A?DZ*l:*el| Htese dietancea in (he ^vated precursor complex ibum be Marly 
«4ual as the C*a(om ouves away tbe aiauonary Haroiltoniaa tSPi*l) value only auDall 
fraeoon of an Aagsirom U the reacuoo aiaft>i from Uv ground stale of the ion*molecule 
complex, the quanturo active peecorsot states can t« reached therefrom via excitauone 
rproduced by light or by mteracoon with a photon field due (o sunounduig medium 
effertsi Pictorsally speaking, the geoowuie>i of the coUsuon or eivounter specKs must 
be molded into an anaagement resembling the etauonary HaiBiJionian HcHijl geometry 
in order lo populate (be quautum uiierconversion aiaies associated frtih (be quantum 
imerconversion comptea (QIC) Ii is m this region frhere fieldnlnven etectronoclear 
flucuiauons couple suses bdongiog to different chemical Hamilioniaru. What is 
eueimal now is not a wanderiug ou an er^rgy byparsurface (frbich (s a ptcunal fray to 
describe thiugsi but the population of (he intetcoavcrung quanium stairs For itus 
pamcular class of reacuoo d is svell acknowledged (bat they exJubit nonaiaiisucal 
Mbavior in (he sense that exciiauoa of sonae internal nsodes ve much more effective (n 
dr>v(ug (be reaction than oduea [170, 17S-IS0I 

The relationship between tlv geometry of tlK pojet of ivin om (SPf*Ii aud 
tlv accessibility to (he quantum iransmon states cannot be proved, but k can be 
postulated [43, 172| To aonw extent, mvanaiKe of the georoeiry associated with tlv 
SPi-J woubl entail an uivariance of tbe quancuio sums responsible for the 
•nurconversion. Thus, if a chemical process follows the same mcchanun ui diffrtmi 
solvenia, the invariance of the geometry of tlv SPv*l to solvent effects would enure tlv 
eucharusuc lovatisnct Tbis Kka Men proposed by us based on compuiauooaf 

cvtdaiue during the study of some enzyme catalvzed rencuona [^ 96. 97. 100*102. 
173, 174, JSI-lgd). 

A cMmical intercoovnrsioo step has asstgiwd lo it an invariant feature the quantme 
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iotmoAvmiofi coeif)t«i <<|ijafuuni mminon complex) Otv v.'ay lo iDO<kl ihji species 
IS vie Uw ceJctibtioA of s^(e poiois of index ofw Hie neiDe of QujntuJD aciivated 
complex can abo be used to refer to Uus special state 

Pictorially speaking tliis property penous defirueg a «taiic*like) siaeocbeouca] 
disposiuoo of the pansies coosiinmng the species, tlwteby providuij an iotet* 
conversion cooidinaie sufficiemly ^r^al for a quauuot mcclianical cliaracierizaikn of 
Uw dKnucal reaction. 

4 3. CHEMICAL REACTIONS RATES AND MECHANISM 

For tbc ake of simplicity, lei us consider a reaction aLtwmc sstiere only one step 
corrcsporvjs to (be cbeeiica] mtercooveixioo From leacianis RJ and R2 and il>e products 
tliai «i]l be fTsasuied as species PJ arwj P2. tlw folkwinj eiethanisiic scbeiiw covers a 
variety of potstbiltUes' 

tl k2 \* k’*l 

R 1 +R2 <— > RJ -R2 <— >APC<—*>ASC <•— > P1 -n •> M-P2 (72) 

V-l k-2 k- kl k'l 

Tbis u a (fBinima]| naode) iiacludins (Ik fonsiaiMn of U>e complex RUR2. (M active 
precursor complex ARC thei mtercooveru to iho« states belougjug to (be aettve 
successor complex ASC. as disctissed lo ibe previous section. TIk dKmkal tevtson, in 
Ibis mode), ends up aritli ibe formation of ibe producu PI and P2. Tbe kuKUc 
parameters k* and k* buk the effects of quantum inierconversions via the iwenoediete 
Hamiltoniao Hc|ij| L^t us introduce (bis feature in U>e kinetic mode) so tbai 

k'. fc*'* 

APC<— ->Q1C <— >ASC (73) 

k’. l”. 

If aa solve tlv Umuc problem assumini station^ corKeotration of [QIC], one gets 
tlK foklosiing equations for k* and k* in tenos of the kinetic coefficieuis appearing in 
eq(73>' 



1. = (ft'*- k>’. V(k’. . k' ' •) and k. B <k’-* k". V(k'. * k' '♦) 



(74) 
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SvicOy j|( s«p« iti the oiodcl (72) luv« a <|iiafuuni mecliafikal asnire 

l>ie raM js dfteneinnl by Uw relauvr valvn tlv kinauc panmcceM atvl a 

nuoilwr ai(uaiiot« can be aAviuged l>ic rate linuuug step for Ux lorM'ard direcuoo 
defioed fiofo kfl to (be ngln jo C 4 .( 72 ), ouy be located sa any kvel (kpcrvliiig of comae 
00 tlx usniK of the afwnea lliete la. however, a rtcceaeaiy and Hifficient condUKn for 
(be proceae (o occor. Tbia j< relaied to (be rela^atioei (uoe of ASC into <|(iafuiini sutea 
of PJ-P2 Ibis rekauuoa uns muo t« fiaiie. 



AbU*'r«>'< I 




PHR2 



PItP: 



PJ-P2 



R1-R2 



r 



lniMTMi*m(en 

iiMrOrnatc 



f !|are Sctieinabc view related to «« (72) Korttrig to die giMnvin vx» ducajeed lo the 
lexi dueeve dot k* and k* a/a bmetK parosieten deanbiog the c^^e fmn APC to the 
ASC We baw not lodicaied oil o()wr porameten lOclaiM in tbe egiBi«<i In «<pf7S) the 
gaHuiiiTi sui«s oftbe (^IC are eaplmdy cAen into accmni. The armus here oullcaie the 
forwMil rwtion »e«et For a reacocei surtin{ from ftl*B2 (he process gotn| from Fl*?2 
(owank aSC cos be wglected » i)» conceotraimn of P)*P 2 and Fl*P 2 are rtf^bpble a) 
iwoal uttf bi ctieoucal egoJibnom situaimti, arroses frotn (o left a/e itoplied Note dat 
i)» appwent activaion ouy become negative foe «on» very siroog premnoc ccenpleies R)> 
U. awl U« active preemor complea may well be below tbe ettfrgy fee ilw reference reaction 
R)*fU 



Hie reactante in cfluaiion (72) may be a lacemal molecule or a plioion field. e4. 
R 2 irby. where b i< Plavk's conrtant and v i< (he freguexy of the phoion He conplei 
leade by tlv photon and the molecule nay or may uot acuvaie the intetconversten space 
for a given pbotodissxiauon peoctu. 

He lirvleieano kjncucs for uoiioolctular rcacuots [IBS] can be foneally recovered 
if one subueva (be fonoatioo of a coUisioo coetfMi wt(h (he pnetirsot complex steps 
[RUR2 <— > AFC) uuo one corresponding to the exciKd reactant Rl* The sicited 
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M6 

oulMott iBiui redistribute ii< octu er«rgy so as to pofiiJaK the laieicoAvmioA states 
T}v fumJsavrual uiKracuorts becwecii loolrtoJar sysMiia la earned out l>y vraal 
photons l>iis naieplr la diaotissed m rsore drtait betow 

Hie reaetant R2 can alto be considered to be a sol«su molecule The ^obal Ijmucs 
Mcome pseodo nrsi order m Rl For a SNl fnecbaaism. ibe bood bjeaking in Rl caa be 
solvent assisted to (he suise that (he looie fliKUauon state ia stabOued by solvent 
polarization efiects and tlK prebabtlity of having an leteicoAveratoA via heterolync 
decomposiitoci la fxiltiated by the solvent Hus is actually fooiid when e»temal amVor 
NKUOA Field effects aie imroductd io the auanhiin dieiD^al calcolatioci of the energy of 
such species [2| The kmettes, hosvevet seay depeod oa tlv process moving the sysrent 
from the coot^ ionK*paii to a solvent*acpaiated tome pau but the mterconverston step 
takoa pbes inside the coruaet lort-pair following tlv quantum loechanical mechaaism 
desenbed in aecuoo 4 l Solvauon tlieo should ensure <|iiantum resonance coodicions 
To conclude this slemeruary discussion it oan be said that the quantum maohaaical 
mtercon vers ton rtep a a rwcessary aiuj atiffinent oorujiuoo for tlv reacuoa to happeu, 
although the rate is not uecessanly deteneuied by this step h e thia vpeci »bKh 
leaves any general quanttiin theory of reaction rates devoid of substance Htere cao be a 
general quantum theory of the cbenical inteKonvetsion siep only Htemsally vtivated 
procesaea form a special category for wbeh quantum theonea esiat [26, J9, 67, 7b] 

431 Chfmicai fleacnui Rale 

Let us consMkt now peoetases wlwre intcniKdiate siabooary Hamiltonians are loediaung 
theintetconveraton. In these peocaoes, there la impbcit the aoumption that direct 
couplings Mrwneii the quannuo states of tlK precuraor and succtasot species are 
forbidden All the uifonoation required to accomplish ilv reaction la crebodted in the 
quantum states of the correspoiuling intermediate Hanuttoman It is lu this sense that 
ilv iransient geometric fluctuation around iIk saddle point defuie an invartant property 
Tlwrattlly activated processes belong to the category of mediaied interconvcrsion 
processes. It coroes as a no surprise that Uu mam factor required for the soiung up of 
mccrcon vers ion la roolding tlv revtam complex into a geometry as proimsal as 
possible to ilv geofoeuy defined by ilv pout. It will be in this region where 

quantum jusepa between statu repeeaentig different elecironuclear fluctuations wtth a 
minuTial deformation of the global system become possible Thus, if sofficKot energy 
B available such st a tes will be populated Htc rate of population b akin to Uv Lmeues 
of the given process h is etistonaary to assume that once such state are populated 
things go fast This may be so in tlv great iBayoncy of cen Howevtr, one should not 
overlook the fundasoeotal quantum mechanical nature of the processes involved 

The reaction chaniKl is open e soon as quantum states of the inicrmediate 
HaiDiJunian become populated By hypothesis, such state have rwo possible different 
relaxation channels' One baek to the reactants, the otlwi forward to product via Uv 
quantum atatss of the socensor coroplo 

us considrr the novstationary situation ui the neigborheod of the intennediate 
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HamiHoruafi (luAruum flam. Two 8Uuaiioo« can be efivuagnL In (b« fits one, the 
<Veten moves stepwise from the A?C sutts to tlv imeKOfiverston comfitei Ws 
assome Uist (he i*iti siaie of Uw active pretufsor b popuJaMd 1 1 t> at s givee uns to, 
afvl I if t> IS jotensvdiaie Hamltofiiaa state (bat att coupled by il>e electro-magfKtic 
field 

'Riiii, baying peeparcd the system at il>e mttial time ib (he sta(e lit> , (be 
peohability of finding (Ite systeio in the state | ft > at ume ( is given, as usual, by 
iCfftiC. l>ie Permi Golden-nile esprcssioo <to firsi order m TDPT) Im tlv form [47) 

N.(i ->tf) = 2nA I <) f HI I if T >|2 3(6|fr - 6n) (7Sa) 



wliete (he t4b <|(iafuum state and energy of the Ktive peecursoe coenplei are 1 1 t> and 
s«t. resfMctively (Cf Cq (69)|. afwj UsHj In case that tlv intercoovtrsioo cwoples bas a 
iknse spectra in the region of Ett. it is implied then m tbe equssion a density of states 
Iheti (be inteiconversion state can be coupled to tiv ASC states leading (o wiif • >fj 
with a formulae simdar to eq (75a), 

Hie second aituaiioo corresponds to an irulirect coupling of tlv APC states with the 
ASC orws via the titiantiuD slates of tlv interconvetsion states <ifl Hic largest 
coninbutioa coidcs again frwD (hose state being giasi degeiKtate in ilv energy scale. 
Hius. to secood order m TDPT one gets 



w'fi f) 



h 






lihsiLeJ 

6|*Ea 
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Huis. all (base ifuentiim nates of die intetconverskn complei (QIO ibat arc quasi 
degenerate wKb the APC oiould cootnbmc to tlK population rate of tlv ASC. Note ibat 
dieto IS no first order cootnbiftionsin (he peesem theory since (Iw matrix elements of the 
dipole transitioo between quaatum states bclongiag to APC arul ASC are zero. 

Now, let US discuss the rate equations eiDt>xlsed in eq (7d). To da this, there is need 
of a siatisucal analysis If tlv system is kept coupled to a (bemaosiat at absolute 
teiDpeiaiure T. and assumiug that w(i*>iri contains effects to all orders iu pcruirbaticn 
theory, the rate of tbis uninaolecular process per tinii (me) reaciaot coocentraboo k'+ is 
obtaiiaed after suomaticn over the if'indet is carried out with Boluman weigbt ^toes 
ptif.TB 



t Vi) • Sf iKif.Tlwfi ->if> (76aj 

aitd for Uk depletion of (be intenocdiaie quantum suks towards tbe f-th state of tbe 
successor complex one gets' 



<7tt) 



r.(m»Ifp<I.T)w{(f->f) 
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SimilAi (xprtASUMU can t« wrinan down for V* aj>d !:"• T}v rsu of prodiKiiott of final 
prodiKta fortbc givan latefcottvmaofi atcp la dcKmunrd by the dtffaraau ram ofcMrgy 
retaxjuotk 

Now ibai ihe aqujiion (74) for !:• csa M /rnai in itnna of (b« probabjliry P-* for 
(be aynee lo cooutnw from ihr QIC lowaMa prodima naewly. P— ♦ = k'V I fV* ¥ 
so that k* = k'**P— r l>ia rquation can be furUu worked out io order to loctude 
(be concept of rraortoAce ia a more dirro way To get at tlw <kaired rraoti. otw baa lo 
calcuJaie the rale at wb^h Ci(t) is duniirtg. l>ie differeoiial «.|>ia(ion fulfilled by tlus 
coefficKui can be obcalrvd by osing aa adiabauc coopting nxthod [47J that m Uw hnut 
It la given by 



ii/. =(Wx -tlirnymi^ ,77) 

' h a-t Ci-Cin*iTih/ 2 « 

wluc (he sumnutioo la <k9be with m«j aivj Um dot uidicates a time tkiivauve Now (bar 
(be igiecva over wbicb otw is prsfornung (be stuDoiaucn haa (wo disonct conpocienta. 
One IS ibe apresra of Uw preenrsor channei ibe otlwr is (he apresra of Uu 
inttKooversoo cooiplei (QIC) wltidi opens the way fcrwaid to pioducrs 

llie solouoo 10 e<g|T7| can be cast in (he fom CHt) s etp*>iAi i/li), wlwrc is 
(be level sbtft produced by (be penuibaiion coopting different 4uan(um leveb. 
Etpaivliag Ai ui (enos of first ami second order contnbooons, the 

ifiBginafy pwi of A|(^i la c^ual (o>ffi ft) Enaewd •> n\) and. afler definuig Fi/fi s • 
()4)lm (\). orw geu Cil2 » ex[<lIoi(Ai<2))(/ft. » eipi-ril /?% ). So Uwi ibe 
iiBsguiaiy pan of die energy shift is relaied to (be decay WMbb of f'asaw belonging to (be 
activated socctasoi compkx In summary, one can svriw ibe raic wsociatcd to die mb 
quantuD of tlw acove prccursDC consplei: as' 

w(i .>m) ■ 2 ft ( 7 Ba) 

Reducing now (tw apeeva lo tansis foond ooly in (he QIC one geis 

EijV, vrti ->if) s r,'/ 2ft i7Bb) 

aod, asaoming ilw cxinenet of ooly oiw KsonaiKe ai e<f one gets the equatiou' 



k- = k'+ • P -4 = pfit.T) • r, 72 ft • P -4 



(79) 



sobers p^if.T) = eape-B £if> > Z. wult Z rrpnaenimg ibr pMUoo function of (be QIC ai*d 
^I4BT ( kg staivls for the BoKsoao conrtano A form ainular lo equation |79l Km 




QC«>mJh nCMV Of SOLVENT StnCli AND CTC&QCAL AEATnONS 329 

t«<e VMd by L«<el>vK ifi a reccoi vmrwai of/aKs as Ksofiam 1165) Tbe rt&otian 
siatt af)fini»cb lo quaaum (mutuofi xat« tlKory has been advomM by Zhao and Rjct 
I IK), and Tnltlar and Garre' [IE7) Hu af>proaeb cottHdered here js ttot based ou a 
claaucal revuott roordinau ufea neither oa a 60 scMev T}w lataresuiig point 
«j £ge s»d |>y the preteai sioik re^s to Uu equisalenet of tteaiirtj (he iiiKrcMveRioa 
piocesf a< a medunisiK qiaantum owehafuea] effect with tlu itscee «idespre^ and 
elegant quantmts scaitenng approaches Hu preaciu iheoiy gees beyorvl tlw siattfard 
transiucei atate (heory of reacoon ratu for tl^retaJly acsivated procnaess Even if P-a 
si wtucl) AMld conespoed to om of Uk hypoihnu fouading itu »bole TS theory, 
eqr?9i pwa in esideace tlu qiantuot iDeehafucal rtaure of the clwotaca] mtereoeversioe 

Ron the analysis presented above n follows (hat the dumical inierconverstoe step 
IS esseeua]!} qianitiat methanica] It is not the pasu^ over a barrier ibe (ktetnnniiig 
f^tor, b(fi tltf popidauon aivl eoopliiig of tlu iiigoiiig chaniul wnb the vima] quannim 
ewchaiiical miereoeversioe states Hte process is being ovdiaied by ibe quannim states 
of (be interevdiate stationary Handtonian 

)n Utf gaa phase, (he formaiton of tlu precursor conplei is detemniKd by tlu 
colliston paitern among (he teKianis [IU>)M)|. however, these do not eorrespood to Uu 
^vated precursor cootfMi (APCi in (he present (beory Trajectory stmuiaiioos of SN2 
reactions conspared sviih eiperimcnial data strongly suggcsi the existence of non*RRKM 
(Riee-Ratsspceget-Kiisel-Marcusi and oowranstucei state tlKory efferts |I91, 192) Hase 
and eonorkers observe (U'O types of ecnm] bamer retrossuigs, for lutermediate 
retrossings the (rajeeiory appears to linger near tbe (op of tlu central barrier in nbat they 
cal) M'O vanauoaat transition sutes, sthik coeiptea recrossmgs occur nben a crajectory 
temporally trapped in ilu Cr*CHsCI consples reuims to the central barrier [I92L 
El per I men tally, it is mm yet a clearly established the nonstausucal nanire of Uu SN2 
reacuon |193. 194) li is wenh ooocing that fiwo tbe purspective presented here, the 
APC. QIC arwl ASC iguantuat states mould vcomplitiL when viewed from a classKal 
dynamtes perspective, sshat is called interroediate recrossmgs. while a relaaauoo and 
reacuvauon mould lead to complex retrossmgs To solve tlK problens of ~noo* 
stauscalfty' would require j clear time resofuucsi It is quite possible that it may depend 
upon iltf paruculat reactant partners 

5. Summnding hlcdlum Effccia on ('hemieui Ett'iicliufis: Catalysis 

At (he beginning of this decade Zemail ai*d eoworkers reponed a hindaowMal svort 
of solvaiton effect on a proton iransfer reaction {195) a*naplithol aud n*ammcsua 
roolecules mere snided m raal*ume for (he reaction dynamics oo tlu number of solvent 
molecules involved in (he proton transfer reacuoo from akohot towards ihe ammooia 
base Nanosecond dyuaeucs was observed for nd snd 2, while no evideoce for proton 
transfer waa found For ns3 arul 4, proton iransfer te^on was measured at pisosecorul 
uov scale Hu uaoosecond dynamus appears to be related to tlu global cluster 
behavior Hu idea of a eriiot solvauon number required to onset proton iransfer 
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dynanin hu nbcrgcd &otn ifeis and oUwr 8CudM« reponed by Tdwail'i group si*d oihm 
j 146, I77^ 

5 1 SOLVENT EFFECTS 

F/om a auuufn mediafucal perspccdve. (b< luvamAcc of quauium (raiutuofi states 
js QA]y usctiral A carbooyl grou|>, a guafudiniuiD a nKotittamuk fragrwiit <K . have 
iheir chaivtensQc abaoipcjoA bwls Solved efferu may <luh iMm, tltey (ao be 
btoatkfinj, bat ilKy are ao lovanant feature stlowoig for cbeit deimficaitott ^itti 
analyiKal tooiL Tlwa ap ecif a l cbancueisiica are psctorially associated suith atanofiacy 
HamiMouians im tlw sena defined above t kadirtg to geonwiric diaracterutK fnraevten 
boitd tertgtlti, artgles, polarizabiliiiea, etc Solvem effects produce vananorta irt Uwae 
property of course but tlKy cootinue to M a&iigoed a progenies oftbe corresbondaig 
fufictional groop or cbromopbore Being rebud to a siauooary Hartiltoniart, ihe saddle 
poirti of lodrx oee (SPi*l Uefines a gaofoeiry around *lucb a paiucular quantum 
floctuauoa takes place Fforo a BO vkw. tbe sysaent is unstable But »c ut svotluag ai 
a gerual quantum meetiafucal kvel, and accordingly, the flucmanona Mnveeo precursor 
and soccnsor i|uantum atatas may becwor a quantum cobrrmi state wboia hfetuiw is 
detrnemrd. via ns coupljog with tbe ekccromagoetie field, by its coopliog ujth 
relaxation dianoeb ladling, la the tatt rriort to products or back to reactants 

Hie existence of cntical solvauoo numbers for a givrsi process to happen is an 
jiDpoaam concept Quantum ehcsmcal calcobuona using arKiIttry solvent molecules 
usually produce tkasuc cbaogei on the etecironic uattire of saddle potou of index one 
iSPj'I) when compansona are made with those that have bem determiMd in uDserKe of 
such solvent molecules Sucb resolta can not be used to show the bek of invariance of a 
given quantum transition sirticttire witbout further ado Solvent clisier cakulaiiona 
must M carefully matched with eipenmcncal information on such species, they cannoi 
be to represent solvation effects in condensed pitases 

Ute reactive fluctoations of the activand complex tkfuied by tbe precursor arul active 
successor complexes defirv Uv dwmtcal lotetconvetsion step Tlv geonwies of these 
complexes are closely related to tbe geometry of a SPi*l. If we take a simple case for 
tbe interconversioo step, tbe solvent may affect the process in different mature Om of 
the effects that Uk condensed medium may have on the QIC is to modulate its lifeitioe. 
If the solvent fully daotps dowti the fluctuaticn inside tbe gas-phase acuvated complex, 
tbe reaction cannot proceed any fortlwr Since we are mierrsied in rracuons actually 
taking pbee, we a&sume that reactive fiuccuauons are modubted by tbe solvent but not 
wiped not A secorul effect is related to Uk of the QIC witb respect to the 

ingoing reactants and the asvociated molecular complrxrs Inside tlv QIC, the quantum 
stairs correspondiug to ihr ^ve precursor and successor states may be diffrreniialty 
shifted ui the energy scab Hus would modify iIk ch^actensiic freqiviKy for tlv sec up 
of tlv quanum jumps Another effect would manibst uself in the strength of the 
iransiuoo matrix element odH2lf& Ibis effect is a pure quantum mechanical effect 
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Hu; <|iiafiniJD evthafuca] rate t. ieMitd' upon iruftacuoas «iUt ih< solvcct 
SiaiisiioDy averaged inKrviiort efCacta, meladiiig reviiort fwld etfacu (6) iHuaDy reeult 
tfi a atitfl jri ihe cquilibnuiD dinancta cl‘ and r 2 ‘ v.'n^ a change ia ihe yibrattona] apecira 
due (0 a reftotmalaatioo of (he force cotuianii. Hie r»ajve f)ociuaitoo< of ihe aciivsied 
cooiptea can be coupled *iih ihe Held fliKUaiton< of ilw «olveat arourtd (bea ataiic 
average coonguraiknc Mo<k] sywera duciilMiig sikI* a suuauoo bave been proposed 
and ftudttd m ibe literann ($4, 70. 196-2CO) Hteie eHecir foay probably affect (be rate 
by a fxtoc probably lets than tuL subile die tbennedyttanue factor Kj can ebaoge Ok 
riiusuoA by order of ougniiudet (set belowL 

AttotlKt imponaoi soIvtAi effect involves the equilibrium betu'een solvaKd 
reaetanis aud solvated acove pracorsoi and successor complexes A solvent favoring the 
formaiion of a precursor cootplea will increase (be reacuou rate, all other dungs Ming 
equal, lu the present vieft> of a chemical reactioo lo solution, orv has to form first a 
complex haviog a geometry not too far away from (he oik cbaracterizing Ok uanscion 
stiucrtire in vacuonu. If are call E Ok environment S the reactants m cbemical 
eQuddviDm. and B-S Ok reactants solvated arvl having a siructure siseOar the one 
characterumg tbe geiKnc QIC wiOtoot solvent, ibe following Linetk sclKme desenbes 
the chemistry 

kl _ 

E-S< > E-S l^(E-S K(B|IS1= k,/tj (80) 

TIk mtercon vers ton step with Si and Sf siaisdiug for (he active precursor and successor 
completes re^ now 

- kt ^ 

E<Ss < — >E«Sr (g|) 

and (be relataiton towards produesn is cbaractcrieed by the kiuetic patameur k 

E-Sf — ■ ■ > E4 P (82) 

Hk siKme IS valid when products are aa zero coiKemration, siiKe back reaction is 
iKgligible More that t, aisd k arc given by eq (74) including eqsj7)>a,b) and retaied 
etpretiions for k' arwl k~. So that Ok spectra nspcmsible for (he in(etconvcr3*on 
remains invariant, although shifted io Ok ciKigy scale. 

A steady siate analysis of OKse cquatioas produces an expeeseton of the obtarved 
race coostant kM» ' 
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F/om Ibis squdtiM n caa be setA ihu quefium Aiedufiicel itftci^ ct ibe observed sm 
WiJI bt euiiifert fo/ k3»k. lAd k 2 »k^. where OAe bos the /esulv 

( 84 ) 

sfliicli. ixwkrtulty SIMA'S, ia a clsar manMC, Out tlv solvstt iepervlffify of ib< 
obssrvBj /evsKd may maoktssi itself vis itie eflutJibtiiifn coestaiu Kr s< sveki ss ihe 
<|iiafuum fiKclkSAml cbsngn produced by tlw xuve preoiaaor arvl siKcsssot cofoplnes 
in tlvir moduJattoe l>y the sotvesu and yict*v«rss 

lb pracDct, ki leay luppen ilui die kibettca i< fully desenemed by die aasocianoA 
peocess, i e and <• k| lliis type of reaciioo is fuUy solveiu depeuiktu 

but (he ibtercooveotoo step is to longer rate liietung. Sull, (he Ivan of tbc ctKmistiy 
IS CMtained in Uv ibtercoover&ioo everu 

TTm complexes and B^f have a geofoetry not very diffcreui from die oik 
characienzibg die saddle poim of ludrx I for Uv same leteicooverstoA process m 
vwuum |9&98. I72| l>iis strucure eofoices a specific siereocheimsuy. For leetanct, 
lA the hydrolyse of estee groupi, die oansiiton suoctim is almost leuahedral arourvl 
Uv cvbon-ctAier in tie cart>n:yl mojety: le (he reviantx, tie cvtoxyt tooiety is planv, 
a« ■ IS IA tie product vid If bulky gioupa arc hao^ng to (he osier furKQOA, they ouglu 
u) reorgauize (heotselves id order lo xheve a gcomeiiy of (he s^le potot of ludex I It 
e therefore not sucptisiag (hai Use solvent E may pby a central role doriAg ihe bneucs 
of (he peocee. Implicit in all the disciuaion is the fxi that ihe eevircnmeAt (solvaAO 
sinKture is inAueoced by the teacimg spaces [201, 202) At (he lAierconversiob step 
and widuu die AfC*lQC*ASC system, solvent fhicsoaiions may xt as napping devices 
to relax either forttard to prcehics x bxka'ards to reactants Ibe nxem Mik by 
Parnnello illusuare (hb pcuot quite xaily [120] Potential of loean force svoold fat lo 
detoct sxh dynaiBical effacis 

Fx traAsitiOA sUDCcures involving chuat ceAtrrs, if the solvent has no cbiral 
picferexes, die rewuon may tats any of the cbiral TS species (202). 

5.2 CATALYSIS AS A SURROONUING MEDIUM BFPECT 

TM use of the syiotol B ia 5 I fx tlv environevni had a double obyecuve h stands 
(here for general eonroumenii, arel it also stands fx the euyote considered as a very 
spxifK envinMimeot to die chemical lAterconverston step [102, 172^ In tlv theory 
discussed above catalysts is produced if the energy levels of the i|uantum prccursx and 
socctsex Stases are ahified belosv the exrgy valM correspondiAg to tlv saioe ^ecies ia 
a referexe sorrouAdiog medium Bcah tlv catalytic snvuoAiMm E and tM substrates S 
are molded into cofopleroentary surface stares to fono the cofeplex benreen tlv active 
prccursx cofoplex Si aisd the earyme stiucntre adapted to ir &*Si In tAzyioe catalyzed 
reaertons the special picehictive binding has been coAfuaaed a'Uh the possible 
iMchanisros to artam it Ixk'key repiesems a siauc new; mbile the indxed fneoxept 
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[20A] stands hi a dyiiaouc dcscrjpuon of ho« ihc rfizyn)c*<iib^att systsin acbievn 
coDpIffTKtMancy A< djscuucd in p«e**jotu sccoons. Cm gsonwiiy aiisinsd by Uk 
sobaraie sk<«(d tend (o mneble as much s< possible to ihs gtofbecry chvactaruuc ol 
Uk siauortary lotermediatt HamiHooian iltadinj to ihs QICj 

)n Fi|uK i a advrnasK new is prc««aied nl ho«' pnmary caialysu is thieved 
Besides this rtcceuaiy arvl sufTKiciii conduon reQuued to sbi up catalysi& tlue may M 
aoene aUks facion piodueing an eahanceaviit of iIm cstalyuc c«aM Cenerat aetd and 
ger^t base caialyiK graufH. mala] cooedirtanon spliete appropriately prepared are 
examples of eaialyiic subsKUaiy effecis !>« pure molding factor is osually achieved by 
catalytic aaiitodRs uchatfoes 

Tlaere is abo a dynansicat factor related to tlv coupltrtg beta'cen the flticiusboo 
partem of the pamets m the acuvated coetplei B**Si TlKy have to couple la phase so 
that nbraiional erw/gy could flow amortg these siibsysKets. Tbe ertzyne dtould oot 
btfvj the transmou state so tight tbat tlv rsMve nuctiiauons cao uke place Thus, for 
example, high peessuis applvd to the strucure may defoent tlv protein and perturb cbe 
suites compkmeniarfty. Ihis idea makes seme if the geometry of the potru is 

lovaiant Aiad eucb lovanarKe is a key elemeot of the peeseni approach. It is possible 
that ikiU) peesaiu compuiiug telvmes the quantuet spectra is mi mII Kpreseoted si the 
adiabatK level, but oee may expeci that tbe geonwtry is less Mosiuve [XiS| so that om 
get It coerectly from quantum chemical calculations of staiioniry saddle points of ibdex 
one Fluctuations of elecinc fields in enzyme active sites have beea suggested as aa 
efficiani soume ofreacticn aciivaiion |206) 

Thus, suites complemcniaiity towards the SPi*l tcakulated lu wuum) is a 
necessary coeduicn to produce catalysts In maoy cases it may tun out to M suffKieni 
Poe utstaiKe. Uk results with a futly mutated Serine proieasc suggest that the 
enhancement cao be about a tetor of Id' with respect to the same raaciion in soluuon 
[172] if the mutated protein Buvls the substrate with a geoovtiy m a neighborhood of 
the character I Stic geometiy of the QIC of tbe wildiype Ibis idea has a coumeipait in the 
transiuon state analogue [XU, XT) akin to the standard transition stair theory Tbe 
peiucipal difference residn in tlv tet thar our theoiy implies a moldiug of the subsuaMS 
into a geoiMinc setup compatible with tlv SPi*l For us, the catalysis bind the 
substrates lu specific activated gsontetnss ibereby opening tlv channels towards tbe 
interconversion quantum stales Ibis process b gsMial for tbe ebas of reaction using 
interconvsrsron Hamiltoniaui. 

Ibe surface complememaniy between the quantum activated complex and tbe 
catalytic surrounding media is the mam idea of tlv present theory The oscillating 
stcreoclKmical control of the aynclRais of tl^nsioplastic elastomenc polypropykne 
recently reposted by Coates and Waymouth [20S] can M easily interpreted m terms of 
caialysi changing surface compteovniarity HiQ arwj Zhang have discovered a molecular 
catalyst that cxpenencee a bmeoc aivj ilRtmodynamK dnve for us own reassembly and 
repair urwlef conditions of catalysis |20b) This is basically what an enzynM does wl^n 
moving from the apo*stfDctuts towards the catalyucaJy apt conformation 
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la si'SKr, ilKtc ait iiBAy KafVCds that arc dislavotii<d la unnt our zlKmc 
(CfFigS) ihc quaoum ^vstcd conplci losy cvsi lta*c sa mor^y stove tlw oee 
obcairwd in wuusa In oaler (o lOCKsa Use rale o( tlu« procn* proetu. sa cavuovbeat 
19 lequired ihai (rap Uk (onaples: stxh net tree energy below tlK reference reachoa (E*S 
in (M figure) l>iia i< stltai SluDai e< si . have aetoreplulicd by unng eaialyuc 
sautodier (210) Ivlp vap resctsaie iruo active pteciu<ot*like gaoiDeinai, 
ihetelry dupbciAg else e^iulibeium loskard] (be iructconverason region Hie reacuoo le 
M( only catalyzed by (be irMcrconversuMi step protected from hydrolyria leading lo 
unwariKd aide reacuone oiberwi« Tbia la perbapr cne olihe eun <pectacular eiarnplee 
reported ao far that can be iiuerprcvd as j (rapping of tlv active ptecurtordike georoeuy, 
aee abo Dsiuebeftky [21 1 L I^r^and cowoiketr |2I2| have provided with an esaieple 
of control and caisfyats in cauonic cyclirstioa rescuonr 

Figure 4 can be laed to diaciss aolvent eflecta on tlw SN2 rcaciicna In ihe gae 
phase, (he coetpletes leay have an energy below the reference nate Ibe re^on taker 
pl^ via eaeiKd ttaias of the QIC aiad ae(i*c piecureoi and tucceaeoi cootpleter Hte 
reaciani by pasaing ovar the qaantmo siatas generated as the boctoin by the precursor. 
QIC and uiccauor sia(es mostjump (resonance) luio the precursor quantum states wlucb 
•n cutn would open (he prodiKi cIssiukI via ibe QlC-siatet It is (ben appateoi ibai 
relaianon (by photon eouBission for instance) from tlv precorsor and/or soccessor 
quawoet states would produce sudi complexes m vibrauonally excited states If tlv 
energy of tlv product cbannel is below the enirsiace cbaaivL ilu product stay colleci 
energy m orw <m its vibrational states Solvent effect on ibis reaerion produces a higb 
solvation of (be uns lo the ingoiug and outgoiug cbaiuwls while Uk spoces medisung 
(Ik I n(er<on version ate less well solvated llus bas been computationally illuauaied in 
several occasrans f2l3*21S), aiul in paituoUr. n svas shown tbai under superniiKal 
condiciocis Uk barrier is found to be mteretadiaie berweeo ambient water aiul gas phase 
m (be Cl- aiad CH3CI system 1216) 

fi,C'orepuUic Ivunululions: An Overview 

Inihe quaoruin luecbarucal conuouum model, (he solute IS embedded in a caviiy while 
(he solvent treated as a coniiniaous medium havutgitw same dielecinc constant as itw 
bulk liquid, is incorpoiaied in the solute HamiUonian as a p^rtuibatum In (bis reaction 
Tiald approach, which has us origin in Oosager^ work, (be bulk medium is polarized 
by (be solute molecules and subsequantly back*polari 2 es the solute, etc Tbe continuum 
approach has been cruicued for its neglect of the molecular structure of (he solvent. 
Also. Uw highet'Order momems of ibe charge disinbuiion, which in gesKral are mm 
mcluded in the calculations, may have important effects on (he results. Another 
unpoitant limitation of (be early implemeniauons of (bis method was the lack of a 
realistic represemauon efihe cavity form arwl sue m relauon to the sbape of the solute 

llKse problems were panially solved through ibe lodusion of miJupole eipmsions 
in ellipsoidal caviUes [23] or througb the use of the polaruabla continuum method 
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[217] Ia iIw laner, ihe 9oI«jr molecule js djvded ituo jmidk oveibppins 
splR;e«. e»cl) of w)ucb l)s< the dKlecinc pc4aiujtkOO on its sorfM due to die 
elecvocbQc poietitio] oo tlv surface created l>y Uk charge dstnbuiiMi oo that perucuUr 
atom Afvl (he oUwr aHMD< lu ihe loolecule. elecuouatic reoctioo field le diu case it 
obtained by a direci eumerica] iiuegiaiioe In s|Kte of (be known defKiencu of die 
coeunuuJD nsethode in many cuei, (bemo^yoaBiica] peoMnea of soluuone, for 
insianct AG«ol and related Quanuiiei, can M conveiuenily (reaicd l>y due appeoocK 
both at ihc ob ihVlo aitd semempirml levela, yielduig reeulu (hat aie wt(hui the 
range ofeapemoental eirors |S, II. J2. 21S, 2191 

Tbe aKeniauve (tKoieucal scheme foe etodyiog chemical reacDvtry m eoluuon tlw 
sopensiolecule approach, alMme for tlK inve«ugauoo of (be «olvauon phenoevna at a 
inictoKopic level However, it dos not enable (he chaiacteriaauon of loog*range bulk 
solvent fbecee, moreover, the numMr of solvent moleculee required to piopvty represent 
bulk eolvauon foe a given aolute can M so large dial to perform a quantum chemical 
caKidaucn in such a system twcoows probibtovely eapenuve 

Most of the dieore(Kal works concerning dyaamica] aspects of cbemica] reactioos 
are treated within the adiabatic approiimation whicb is based on dv assumption ihat 
the solvent instamaiKoualy adjusts icxlf to any change ui dv solute charge distribution 
However, in cesiato condiiicns, such as sudden pesiurbaiions or long solvent relaxation 
(imea, the total polatuauon of ibe solvent is no longer equdibrated with the actual 
sohite charge dismbuiion and cannot be properiy described by the aliabatic 
appeoiimauon In such a case, tlK reacting system is better desenbed by non* 
eqodibnum dynamics. 

Based on (he continuum solvent model appeo^h, a self-consistent leacitosi field 
model (0 calculate fre4iRtKydependent molecular ptopcnies as weO as electronw 
exciiauoo eiRrgm and iransiuoo moments of solvated molecules was recesuly daveloped 
to teims of siugle-configurauoo self*consistent field (SCFl or mufuconfiguratson self- 
consistent fiekl (hfCSCPi elecvooic wave functions ]220) Ihis method takes into 
account the response of dv referexe stare to a lUM-dependeai penurbatioo Since ui ihss 
case the er^rgy is uot staaonary, dK PKnkel's variasion principle in (he form of dw 
Ehrenfcsi's equation svas used to derive the eapeessions for the iime-depcbdeai response 
In this mcdel, (he solute is encloaed in a spherical cavity embedded in (he solvent, 
which IS assumed to be a linear, polarizable, ixHoogcncoos, isotropic dietxinc medium 
with a mxroacopic frequency-dependent dielectric coastant Tlv (otal polarization vector 
of the solvent is decomposed mio two compoiKots ibe opbcal polanzauoa vector - 
which responds insiantaMoiisly to changes in the sotuce charge dismbuion msule the 
cavuy • arwj the ixrual pobruatioo vector - which has a relaxauon oe^ chMxienstk 
for (he solveot which dexnbes how fast (he menial potaruaiion vector changes as a 
consequexe of sudden changes lo ihc charge disinbuiion wiihio the cavsiy To dasceibe 
the response of (he solutc-solveiii complex to a high frequency lune-ikpeiident 
perturbation, it is assuewd (hat the sMaronic response of the solute molecule is slower 
than dv optical polarization and faster than the tebxaiion tune of dv iMmal 
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polonzAiKMi Hie syaefit js dnctibed bv a miiJticwngurauon Klf*CM<i8tetu reaeocd 
TkM iMCSCRFi wave futKiiotL wiiti a set of (Ofififurauott «tau fufietiont (CSFk 
«)ucb js fuUy ofMUBLMd, ihu< aans^jaf Uv generalized BnOotnn ibcoreiD A tirw* 
dcpuKleru pcniifbouon is allied lo ihe synesD and tlv uev evolmort of Uk elecironK 
A'ave furKQort response is detereuoed l>y requinag Ebreafesi's (beoiem lo be sansHcd 
ihrough eaeli order of ihe penuiboucn Hie poles of tbc rc^otuc ftmchoa give ibe 
vansiuoo erwgies of ihe uiipenifbed sysseei and Uw reiidisea give the uansKioo 
moevfu, ihiu aJ loving for ihe deteminouon of the etotaiion energies arvl vansmcn 
moevnit from the MCSCRF refereoce siaw to Uw eicncd sistai. Tbis fiwihod has been 
apptied to ealetibte eMcuoruc eaeiisuooa, iransiuon monwoia and freqiKiKy-depcrvleni 
polarizability of a solote mottcule la a senes of dKlacuie media. Tbe imiltipoUi 
eipsiiiion of Ihe solveat iruetacuoo energy vas macated at cIk sesrruh onki moltipok 
Hv resoMs showed (has ihe profwny of the ouiei dieleetnc nwdiam ean have a 
subsuoual effen on tlv solute loolecular pnipenies Electron correlaucn was foood to 
be mponant' also tlw solveoi effects canaoibc described by eoerectiag wume vshies 
»iih tbe aid of scalar ^toes [ 221 ). 

Tbe polarizable conunuom leodel iPCMi of Mienus arvl Toeiasi was recently 
modified to aceoam for oon-efloilibnum effects disc to iIk delay of solveoi synehroaisn 
in a chenueal reutioo, through a proper represeaiauoo of the boundary corvlfuons 
associaied with the solveoi cavity [222L Eapeeoions so decerrniae the ocneqoilibriiim 
surface charge distribution were derived as a sum of the eleciroaic imeniakssi 
polvizaoon effects acting on the sotvenc eioleculas and the slower oneniaiioaal aud 
vibrauonal tineroal) motions of ibe moleeular conpoueoi of the eiedium Hie 
couuouoos charge disirfbutions were repeesented by a set of discwe poioi charges 
defirwd over tlw cavuy surface, eipressioos were thereafter obtained lo detereuM the 
bonc4uilibauiD surface charge dismbuticn required to derive iIk reactioo potential, the 
soluR wave furKUon aod tlv fret energy of Ur system Hus foimabsm was tesied by 
stiKlyuig the photoionizatiou and eleetrouic transmon procesRs of lOos and molecular 
soluRS Simplified models of iIr changes occocnog in ihc orRoianonal component of 
ihe solvent polanzanon during the cbaractenuK time of an eleovntafy re^on step 
were tested on ihe SN2 reaction of fhionde ion wnh methylfluonde { 222 , 222 | 

Tbe mulucavtiy SCRF meihod developed by Karetson er«f [114] was applcd lo 
ealeulaR the hydrauon energies of the peoton, hydroxyl lOO and several inorganK ions 
[224). E^h hydraied eomplei was divuled into five sptRres, corresponding lo the central 
aiom arul four svaicr molecules of tbe tet coordinatiou eplwie Tbe energy for cavity* 
formabou svas accounted for by using scaled particle theory Hie calctiated total 
bytfeauon energies, which includes both tbe quantueKlRmical and ihe cavity formatioo 
contnbuuons, svas found to be in excellent agreement with expcriovntal results Stwjies 
wtft recently reponed [225) on solveni Kcegaruzation and itonor/accepior eoupliug in 
elecircn-iransfer processes Set also |226) 

Based on the diseteic solveoi approach, a perturbed bard fluul model was developed 
to study dissoctauon rnacuons |227) In this model, ihe solutc*solveoi inRracnone are 
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scporatM jato repulsive hard sfitMie arvl fiKaa fteld aiiracHve comikbviioes Lcviard* 
Jofie« pMeauak ve used (o repre ae ni ibe soUiK*90lv«et aMB< and aob«erU'90lvmi 
irMmctioaa l><intodyiiaaucs Quantic^ can be cwopuied i*iihia tlus schei&e from tlv 
eicess clwnca] porentia] chan^. ^Iiich la reland (o ibe eicns p^al idoIv Gibbs free 
energy dungs, by uaing aiandard thermcMlytafnin re)auons Tlu only ^lusasble 
Mrarwters le ihia modeL wluch reorc^au the reactant and product aoreciive nwan Held 
coelfkienta, can be den«ed ustfig ajouilaiion reuilu at a single lemperaiiiie and densuy 
Tlu hard fluid model ssaa applied to <|iian(iuu*cly eaumate repulsive cooiribmiona to 
aolvauon [ 22 S). Tbe eiceas solvatioo fret eoergy of an atomic or molecular solote in a 
Nal ln|iBd repeesems (be reversible orotk required to introduce a fited <rero luoeuc 
energy) aohite into aoluooik Hua energy for hard tplwre aoluus of vanoiu sizes and 
also ilu cavity sue distnbuuona lo sraier and apolat organs solvents were celctilated 
Tlu theoretical predtcuou were favorably compared, in roost of the cesei, with boili 
cootpiftei simulation aivj rare gas solubility loeasurements Some discrepancies were 
found when cootparing bard fluid modet predictions with simokaiioo results, wbidi may 
reflect detaJs of ibe IiqukI strociure arising from tbe oonsplwncal sbspe of real solvent 
molecufes Tlu hard fluid model was also used to esuieaie the repulsive coutribunoru to 
tlu etceas free er^rgy of soUiuons of atoms and leolncules in water and n*l>etaoe Tlu 
results indicated that (be larger aepulatve soCvation eoergus to water than in n*beaaiw 
can be accounted for by the bard ^iberc model wlucb haa no orientauooal order 
According to tbe autbors of ibis paper, this ueplies that hydrophobic hydration may 
have more to do wuh the transtauooal order (or packiugi than with the orientational 
order (or hydrogen boodiug sUDCturej of water around a solute 

6 1 SOLVENT EFFECTS AND CHEMICAL REACTIONS 

Aittmauve approaches to sunulaie rascuons in solutton have Men proposed by 
Warsbel's group |229). in which the syeten is pamuoned into an inner regiou, which 
typically consists of solute molecules and is treaied by Quantum mechanical meilMds. 
and a sorrouruling region, conesponding to tlw solvent mokcoks, which a lepteseotcd 
either by claasical or by pseudapotenuab at srveral kveb of approximation Ihe 
replacement of the solvent claasical potential by a pseudnpotcntisl is eipected to provide 
an insight mio tbe effects associated with tlv dclocalirauoa of ilie solute ekcuons on 
the solvent molectiks Tbe calibration of tlv pvameters in the pcuenual can M achieved 
using rrsuMa etiber from ob btrlo or density>funcctocial calctdauons, or experimental 
data Ihe combinrd Quantiim(molecular mechanical potential and f^rt cakulaud at mch 
step can be used in classcal |60, 109) or frce*energy penurbation molecular dynamws 
simobuoru {229) 

Another sumlar approach applies as explicit density*functional theory treatment to 
Uv solute mokcules, while repeesentiog the contribution of the solvent molecules as an 
effecuve pottntial |I05| 

An ahentatjve reaction-field approach to (be calcolaiioo of molecular riectrooic 
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sirucDiK, solvauofi afvj fXa *alun «'a< prooosed | 230 ) Ip lhi< wort: (Iw 

rtacuot pouiiuji is coDput*d f/om a (uuK'differspct mIuihp U) Cx Pooson* 
Boluoupc «4iauort luiog jp o«cf/«buuoa aJgoruhm apd rHinwttcat gndi, ihe solota 
riccvooic flnicniK i< coropuird l>y d^tsity fuocuooal ovtfiCMfa afvl sJf-cortaisiepfy 
bnsi'Me ihe mcuoa poKaual jtmJ (h< atecinMuc simcniK is n«tauv«ly acbt«v«d TIk 
< leciiorv4lecuort lottfactkop jp Uv denuty fjrKUortal appnnimaiMP hm 
coosidfted IS taken to t« tlw Gteea <«ibcuoo Uv Pojuoo equauop. l>ita fuxuoo is 
divided loio a gss'pliasHike Coulonb pan apd a Kmaioikr part wtucli represspis tlv 
effsci of Uk solvam At nerauve proctdim bnrtgs ibe £a&*plux ai*d solveat pans of tlv 
calcuJaiiop to sHf-copsistexy Gr^eat comxuorts for (be eanebtioo arvl etclsaogc 
fvpchooals are added ip ihe self<oasisteoi cycle ihai dcRmupcs ilw moleetibr eleetroa 
depsicy Pmwp affioiixi, solvauop epetpes solvated dipole momepu apd absolute 
fXa vafues were cakubted for a vaneiy of small organic loolecules Ute reported gas - 
ptme results appear to t« coropeiitive nitti the best available at MOo opes, aiad tlv 
solvauop epetgy esidoaKs are copsparabte ip quabey with oiber loodels in »bKh the 
soluR IS i|uanum*ioecfiaBKally described 

Tbe DFT afiproxli bas been apfdRd to ctw srudy of small bydraeed prosop clusters 
I 2 JI) Ibe Petde« laoplocal poteptial for rieciron exchange arwl correlaiioe svas osed in 
tlK ealeulaiioee TIk optinized sinictures of the clusaers up to HkO.* suere cakolated: 
(tw certespoedipg harmonic vibranonal frrqucpcRs and IR intcpsUMs were eonpaiKd apd 
compared wnh high resolmon experimental data. A very goed agrresoept stith 
nperiexr naa obtaieed Protoe transfer bamrrs in cloners ip Mueous sohictop evre 
computed for a fesu model syseeme aitd the sepsttivity of (he calculatioes to tlv partial 
diarges used suae assessed A combtud ob MOo dewiiy fiixhopal apd mobcular 
dynamics simulatioe nas earrud out to cakiilau; (Ir fret er^rgy of protop trapsfer. TIr 
barrier was foupd lo be 3 kcal/mol higher ihae in the gae phase and very large solvent 
Axtuauops sirte obsened dtMieg the sirtsiilauop 

Trablar arvj coworters [29, 232. 233| have proposed a qnainum*mechaiueal> 
eoouminre dirlecvic model for aqiRous solvauop Ibu loeihod is discussed by Trablar 
apd cosuorkera in Cliapwr I 

A coetbinanon of the quapctaa clvmical PSQVB package (which perfomt ob 
ihWo quaptiuD chemical calculatioes at the geeeralued vakiM bopd/perfect pairieg 
tCVB-Pf I level) with tlv Delphi program iwhicb yields a numerical aoliMon (o the 
Pousoa'BoHsoaan iPB) e^nauon) haa been recently proposed [234] Hie contiPDOus 
gV'pliaer charge distnbuuon of (be molecular soline ob(aiMd from the qiiamam 
chemical wave fuxuoas wae rrpbcrd by atoroic point charges ai tlv atomK centers, 
obtaired by fining the former using a leaet>aquarc cnterioo Hiesr charges a«te passed 
10 Delphi and ihep p&s«d bxk to PSQVB. wtxh aolved (1 m electronic sirxnire 
equaiiops ip tlv eircuosiauc field of the point charges, le. in the preaenct of Ur 
rrxuoo fiefei TIr PSGVB and Delphi caknlauops suetr itcraKd iinul convctgrpcc suas 
xbieved Hr elxtrostatR coptnbuciop to (he solvaiion exrgy tEell waa then obiaixd 
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Is clx diffmm bccwMtt Uk gas*phu« ltd «olifUovpliA3e <|ijafuuni chfioKat etcrgMS 
Accuiatf gas*ptu«< charge disnbuckott foi 29 souJ fiMlectjks Kpnscoiiag a variety of 
futKQotttl geouu i-ett oroductd Solvauon efiefpe« that a^e «i(b npeijovtu «'i(h an 
average eieor of 0 6 koal/mot i-ett aJao obiajiMd. etcept foi ovibylaied ai*d ufiiiKitiylated 
pejinary amitwa and amnki, «lucb weie ay^temaucally too low l>y 1*2 S keaVmnl . 

A combtned quauiun) ibedianKal-coortgDrauon jottiaoucn and fiMlecular ewcbamn 
iQM-CI/MM) fiKihcNl si'a< developed |I26, 235) to amdy aolvatocbroeuc ilufli of 
eKcuontc uanstnona T}v cootknaed-ptiase syaieei waa pvuuoMd as usual into djsuocc 
Kgiotu' quafeuin ovchantca] cakulauona were perfonoed to Mat cIk region consuung 
of aoluK noleetjles. u'liile dassKai, empuical poieetiaJs lo statistical mcclaanieal 
umulauoes svere used lo rcpee&ent the sorrourwling solvent ntolecules Staadard self* 
oonsisaeet field iSCF) Haivet>FMk (HF) equauotu svete initially solved for ibe solute 
fiMleetiles and the HP wave>fuiKiion was used as the refeteoce state to build Uv Cl 
icoofigarauon inierMoni wave function l>tc Cl naairii was built and diagonalized, 
from wItKb models of the groaod-siaie and cacited'Staie eiugies, as well v 
eigenvectors of the coodsnsed-pbase system, svere obtained Mouu Carlo 

Metropolis sampling was *»»»^ on the ground*s(aie Cl pmeuttaJ energy; sohite'Solvmi 
intrraetion eoergBS for both the ground and ranted states were determirwd by employing 
the corresponding one>porucle density maim of the Cl wave fuiKQon A new 
(ortfiguiauou was then generated by randomly itsoving the solute, a solvem molecule or 
the voloev and the procedure was cepeaied Rually the msemble average aitd siaiisucs 
were analyzed TIus tccbiuqitf was applied to sumilais solvent effects on the o**>r* 
spectral shifts of acetov in water, loechanol. vetominle, cbUroforiD and carton 
tetr^Morule Tlv qualiuuve trend of solvent effects on the solvaiochromc spectral shift 
of acetoue ut polar solvents was found to agree with eipertments, wbde quanucative 
csismaies were greater than the eiperimcnial values, however, tbe cipenmentaOy* 
observed red sbif) ut tlv S,*>Si etciuuon of veione m CCld was not predicted because 
the mutual sol ute>sol vent dspersion loteracuons wete not included in this model 

The several tbeoretical itdfv simulasion iDeUiods developed for modelling the 
sotvanon phenomena can be applied to the ireasment of solvent effects on clwmscal 
reacuvny A variety of systems • taugiug froru small molecules to very large or^ 
socb as biomoiccuin (236-2U), biological membraiaes [239] and polyevrs [240] - 
and problems - mechaoism of orgaruc reactions [25. 79, 223, 24U247), cheiD^al 
rrecuofts to supetcnucal finds [216. 24B-250), olvafasi spectroscopy [25 1 *255), 
clrcirochemicel processes [256, 257|, proiou transfer [74, 7i, 231), clenron transfer (7b, 
77. 104, 25S-261I. charge trarufec reactions and conpleies 1262*264), reolrcular and 
ionsc spectra and eacited states [24, 265-26B|. solvent-uiduced polarizabtbty [221, 269), 
reacuon dynamics |2S. 78. 27f)-276|. isomerizatioo [110, 277*279), tautomenc 
eipiibbnuJD [2ll3*282), ecnformauouat changes |2S3|. dissociauoo reactions [199 200, 
227), stability |284| • have bnen treated by these lechiuiues Sonv of these 
applKatioos will oow M reviewed 
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6 1 ELECTRON AND CHARGE TRANSFER PROCE&SES 

EJeciroA aid ua&J«r mcuotu plav an importaru role in leaay Htfieicat and 

btodvrntcal pnwuMS Dyuaeuc aolvaUM efBKK aewHi| other <Kiors. caa largely 
corunbuK to tfetetnikrK Uw reaeooei rau o< tlte« proct^e and can be anidied either by 
<|iiancu3D iDechafucal or «JBUla(Mn metlMide 

SinMig inttnevcne are oinerved bewetn ibe reaevrtg solute and tlx fnetfeoai in 
charge uansler revuoru in polar solvent: in such a case, Uv solvent efiecu cannot be 
reduced to a aiotf4e modilicaucn ot ibe adiafiaiK potential conuoJmg tlx reacuotaa, 
since the aolveru niKMar motions may txcoex decisive in ilx vxinity of tlx aotUle 
pcev of tlx free energy aurface (FESi conirolling tlx reaction Also, an eiplicn 
ireacitsent of Ux nxdiuni coordinates nxy be re^iured lo evaloaie tlx rate constant pre* 
eaponenual fxtor 

The /e^on lut coneiaai for tlx SN2 reacuoo of cNorade ion svuh fixthykhlonde 
X svater «'as cakiilaKd oiiihin tlx SCRF frajtseeork by consderxg ibe FE2 cross 
ssctioo in the coordiiiax subspacc including coordinates of botb the teacisig sohiK and 
the loedium |79) Hus approach adoeod the saibx^umt syaluaoon of tlx iranamisiioa 
factor 7 by the sac«hasuc dynamical theory Tlx FES cross secuona along the nxdium 
coordinate appeared to be iingle>weU*sl)aped curves, even ihox obtained after ibe 
separation of (be nonirxrtial polaruaiion Ai ilx sotUle poim. all of Ux calculated croas* 
sections coincided: however, tbe cross*aecuou in ibe total polaruatton spare leay differ 
from the laixr by several kral/mol when far away from the saddle point A 
cbsstfxatiou sebeox for (tx mechanism of charge transfer reartwns in polar solveoie 
was proposed by (he authors According to this sclxme, ibe revuons wbxh proceed na 
a single*welt shaped TS suffer bnle influence from the solvent molecules, ihe motion 
along (he «olux reaction coordina(e Ming (be <Rivmg fame of (be reacnon On (be 
con(rary, a double*well shaped TS is related to reactions wtuch proceed throogh as 
elecironAransfer nxchaBism. 

Hie dynaoucs of carbon*halogen bond rediKUve cleavage in alkyl habdes was 
sudied by MP3 tnSt6 caKulations, using pseudopoKouals fee the halogsns aod 
senudiffuae fniKtions for the heavy atonu He effect of solvent seas irsaMd by 
means of tlx ellipsoidal cavity dxlecirie conunuum model Boah a concened (ie. a 
orx*s(epi ai*d a stepwise oxchanism (in wtxh an anion radxal is formed at fusd were 

invesugated, by cakolaang Ux energy of CHiX and CHX'as a furxuon of the 
distaixt carbon 'halogen taken as the leardcn coordinax A cofopanson between (be 
KdiKtive cleavage of methyl* and perflooronseihyl chlorides was abo performed: to this 
<xt. a full basis set was used, instead of a pseodopotenual Tlx reaction profiles were 
<|uix similar to the preceding ones in ibe range of small and nxdium C-CI distances. 
Hosvcvct. at large C*G distances, the CP^I anion energy profile exhibiied a clearly 
marked minimiiJB irulicaung a supwise nxcbanisro in (be ges phax. in contrast with 
CH}CL for which a transiuon state (TSi charaeserisuc of a corxened loechanisn was 
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dettnnitwd TIm effect of a p«lai eolvcei oo the bond bicstiog profiler was aJeo 
ajimdaml. (be molts slumed that ihea profile* (eottincd alotosi ubchan^ed oi the na 
of Uk twDiral nolecoles, ivlicresf (be sfuonic <isies si«r< largely stabiUzed T>e 
etabjliiauon jnerea&ed alceig the C*Cl distaKe, ksdieg lo art entigy profile tba( 
drerrue* iiMmoiooically along the reacuoa (C4<djna(r 11109. oi the pre&eKe of a polar 
solvetii. the cartofi*halogen bond rediKiive cleavage of (be perflirceomntiyl cbUxidc 
changes frojn a siepu>iae to a conccned meolianKm in agreoinent with previous 
elec(rc«brnuesl results 

6.J ultrafast spectroscopy 

In Ibis (ype of pbmniDena, ekctronic degrees of freedom are eiroogly coupled lo 
ibe solvent instead of t<iog completely delocalized as le ibe gas phase. This solute* 
solveei coupling results in an iniseise, beoad elecitooK absoepuoa thus eeaMtng the 
study of ihe dynamics of (be sotvseicei process involved in eleciroa transfer and otbet 
chenucal reacuons Diffeteoi picium concaruing ibe oaiure of the solyent flucuiaiioos 
coopkd 10 the bydraied electron cao be <ftasue from studies using different experimental 
tecbnuiuea. Pbotoinyecuon of eleciroas into neat lN|(ud water indicates that CQuibbtiom 
solvaied electrons are formed very rapsdly tcei the picosecond time scale): ibt equilibnuio 
spectra is recovered nearly insianubeously upon nonadiabatic telaxauon to the ground 
state |2S5*2S8) However, in iransteot bolc*buniing spectroscepy (THBi experiovnts, in 
which the pboioexcited electrons have (be equilibrium solvation structure, spwctral 
transients arc found wbteb peraisi for a few picoseconds |2I9, 2C0) Nonadiabatic 
quantum owlecular dynamics simulations of ibe excess electron solvation dyuamtes 
|29l) and phoioexcited equihteium hydrated elacirons |252. 25S) have been performed 
in order to provide a beiier undersianduig of (bese pbenonwna In the former wort, ibe 
effects of molecular vibrations cn tbe excited state lifetime of excess elacirons. the 
relaxattcn dynamics and (be influence on equilibnum spectroscopy were exanuncd. while 
the loTter worts ttave addicssodibe problem of uivcsugatuigihe solvauon dyittmics 
following phot OCX Cl I at ten of the bydrated electron In both cases, (be bydrated electron* 
waicr interacttcns were moklled witb a pseodop«tcnual Htc water*water interactions 
were tepretented by a simple point charge (SPCi model in wbKb intramolecular 
flexibility was added to the standard S?C intemoleculat potential An algoriibm 
including state*to*state usnsiuoas was used to represem ibe nonadiabatic transuions 
comsponduig to a btcdidowo of the BO approximation Nonadabatic and gtound state 
sjuulatioos ware perfesmad |29l) and (be relaxation from low lying excited states was 
followed Two qualitatively diffcreot types of irajectceias wars fcaind in this case, one of 
which cascaded quKkly (o (be greund state, while the otbet ttajectories wars npped for 
sonw pwriod of the ume in (be lowest excited state On the othet band, all of tbe 
calculated (rayeciorKS for tlv simulsttcn of tlv dynamics of pitotoexcited equilibrium 
bydrated elections, including ibeue wtucb were peceooted (o the second excited state upon 
exciution. pmented quaLiotively sirailai behavior, (be solvent rebxation acting to raise 
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Uk «rerjyof (he £(ouc»d yatt jrsirsd of lo^verjugUM ererjy of (he «icji?d (lain [252^ 
In (hi9 cs4e, (he svoag coupliog of the ctecvonic ei^etutatee lo uueois eolveni 
fliKnaiJOo< (n^ <yHk(M both l>y (he nucioaitceu of (he hydiaied electron eoergy levels, 
svbicb are compualile lo the sbacing berween ibeni. and by the ertomoiu shift of the 
qoafitdJti eretgy gap (about 7S4 of the iiuiisl etcitsiicei energy) folloe.'iog eicjiaiion 
Much of the local change in solvauoa structure waa auociaiad «i(h a ugaificant change 
la both stae and ahape of the electron upon excitation, aa sbosvo by the dyuanic 
evoluuoe of the solvent cavjiy coniaioing the eleciron TTieae scores have shown (he 
relaxation of the quantam energy gap due (o solvation to be directly rebted (o ibe 
dynmoics of non reactive decay of (he excited uate eleciron. aa well as to (he diffenng 
relaxattcei pathways observed between eleciron photoinyeciicei and irausicM hole •boning 
photoexcKauon experiments. Ihe resuUa obuioed in these siowlaijous were further 
compared with available iihrafast laser eipenmcnbl dab |2$l). The (wo*siepa 
relaxation nechantuti proposed to accooni for ibe simolation resuUa baa proved lo be 
coruisteat wuh (he experiinenial data. Moreover, alienative nwchjnisma proposed on 
(he basis of the exMnovntal resiiUs were shown (o be accounted for in ibis iMchanisni 

6.4 ORGANIC REACTIONS 

Prom a theoreiical viewpoiot the effect of aqueous solvauon in organic reactions has 
received considerable auenuon in recent years These studies have gone a step beyend 
analysis of ample models (o consider reaciious such as SMI, SN2. cydoaddiimn 
reacooBS and Claisen reanaagemem. for inaiance. with loore rwabsuc models 

A coupled qunnuin nbchanical/inolccular dynamics scheme was used to examine 
(he Sdl splitting in water of (he (neotrali (en*butyl chloride yielding two charged 
fragineois [2dl) In order lo obiain the Muecais phase reaction profile for this reaction, 
poirniial of mean force cakolaiiona, using two different approaches lo correct for (he 
neglect of long*range electrosiaiic interKtions, were performed. A good agreement with 
the expcnmemal results was obrained wben the Bom coirecuon foritw gervraied ions 
was applied, except for (he intimate ion pair formed in the first step of the pioposed 
fragmentation mechanism which appeals to be (oo deep. Ai sbon C-CI distances, the 
reaction profile obtained with (he use of scaled chaiges eoriecuon also presented ibe 
expected behavior, however, as the reaction progressed to greattr C-CI sxparauon. the 
energy of the system continued to dnfi downward, insbad of Asing as expected ^retail, 
(he model using the Bom correciicei seemed to be the most reascnable one Hie soluu 
aod solvent sinicures alceig ibe MD trajectory have also teen examined hfeat the 
eq(ulibei(im C*Cl sepvaiion. link or no solvent structure around (be solute was found. 
However, as (he two produce fragmems are separated from each (Mher, a very clear 
solvent structure becaov evideni. the water molecules chisiered about ibe chloride ion 
having their posiiively charged protons directed towards the anion Specific interactions 
between the ten>butyl cation and (he solvent ware also observed 

The possible reaction paths of the cycloaddition revtion between ketenes and 
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aUkhydcs lo fom 2 -oi:ciafWfm was sniUed by ab UWo caKuJaiiofu |242) with ihc 
aim of DiMkrflifidittj ilw origitts of ib< ateormaJty )o« umo^elKtiviiy of ilus 
rcMotL as wdl a< (M influctKC of tlv solvsni atvl vid oaiatysi ott ihe 

ibcdianiue Hu aolv«ai efftcis were exarnuud with ih< aKj of the cDipootdal cavity 
coruuHium model A moftably symehroMos uafisioort state iTSj «'a< located and 
cbaracienzed iii (he loiuat gas'phasc pousmal eiuigy hypetsurfact Two poasiUi; 
onemauofis fcxo afvj estdo) of the TS ^ete etaouMd and the auihota am ted ai the 
coodiBMfi that mortosubwtated ketrsies sliould lotefact eachisively Uuough no TS's, 
at leui 10 the ^ ptaase T}u catalytic effect of a Luwis acid oe ibia cyclo^uon 
report svaa investigated l>y luaog a fonnaUcliyile*BHs coetplea Tfu caJetibted saddle 
poim m Utf catalyaed revuon coeretpooded to a relatively early aod asynchroMua 
2A'ittenofiic TS, m nlaich the BH 3 fiMoety «at botided to tlu caiMsiyt otygtA of the 
aldehyde and adopted aa exo disposition wuh respect to the 2 -oaeiaiiofie rwg being 
fomsd A cooccfted cwo^pt teaciioo mecharusm was therefore enviaged A decrease 
in activaiioo aiurgy was found with respect to the noO'CaialyMd reaction Upoo 
mil eduction of the solvent effects using both the Onaager and the eJipsoidal cavity 
iDodels. ihe activaiioo and evKUon energies ltd not vary significaatly with reipect to 
the gas*pltasc reaction However, the mam features of the 00 TS differrd signifkaotly 
from the in vacoo results' this TS was sightly eailer and more syodMonous than ns 
gas- phase analog The shape of the solvated TS rxplamed ihr change m strieoalccuvity 
observed in the catalyzed reaction, leading to Uu picfercotial fcmauoo of cis 2 * 
oxetaroocs wlun bulky luwis acid catalysts an used 

Htr Gaisen rearrangement is an clecirocyclK reacticn which converts an allyl vinyl 
etlur into a y.ft-ansatutated aldehyde or ketone, via a (3 3i sigmairopic shift Tlu rate of 
this leacticn can be largely increased m polar solvents Several works have addressed the 
study of the reaction foechanisiD and the electronic structure of Uu transition state iTS) 
by rxaiBiniAg subsiiiueat and solvent effects on the rate of this KKUora. 

Htr reaction coordinate of the Gauxn reanangenteru of allyl vinyl etlur in the ga<* 
ph&tc arwj in aqueoos aolution waa cakulaied in aider to determine tlu effect of hydration 
on the fret energy of acuvanon for this reaction |292) and also the influeKe of retilciple 
eonfoimauoaal states for the reactants [293] Mfflo cakulatioru at the RHFfb- 
31 Q(d) level were used to locate Uu transition sistets) tTS) for the reaction and to 
oMam a ntinuDuJD eru r^ Nation path. The recants partial charges along 11 which are 
needed for the potential functions that desenbe the lotermolecular interactions between 
the reacting system and the solvent loolecules. were also calculaKd Solvent stniciures 
weae choan along the gas-ptua reaction ccotdinaie aud a Monte Carlo simulaiion with 
staiiaical perturbation theory was earned out to generate the a«|tuous reaction coordinate 
Estimates of the retauve far energies of bydration for Uu reu lants, TS and products 
svere obtained Tlu irureated hydration of the TS as compared with the rcvtanis waa 
assumed to account for the rate ivseasc by a facioi of 664 over the gas*phaa reacrion 
Hus obaerx'ed hyihauou effect waa related 10 an increase of tbe nusebei and suength of 
the solvent hydrogen Mndmg to the ether oiygen in progressing from the revianis to 
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ihe uusickot Tbii efBKi aioa fme an mmased accnaibiljty oftfx ovygm atom 
itt (be TS and also from aa it^a.«« ia na laniA] cbarge Hie efBeci of jodudiog 
Aiolople confonosiiotial uaKa for ihe /evianc oo Uv free enetpes of aruvstioo ««re 
found 10 be aAiaJI and siAiilar ia the ga< phuc amJ ia snt« 

T}v effen of eolvaiioo by waaer cn ilv Meyet*Scl)usaer rescuoo {202) ai*d di*n> 
biMyl edU'A'aKr oa the Clauan revrangeovn of aUyl viayl eitier «s< ended by a 
auiDt«r of vaieAia of die coouainm) modela combued %«jth ob htflo ^ave foKUoaa 
|24f) T}e ga< pbss bamer foe (lua reacuoo o/aa predicted via a drAaery funcitena] 
AieVvod indudiog eleciroo coeiebuoA, wbile both Haraec-Foek and DF wave fuAcnoAa 
were uaed to oiodcl aolvanon Ia die laoer caae, Um «sstegy of aolvaiiiig auuonaay 
pcMoi airuciDm deKrmned for (be gaa phase reactioo waa followed. accoediAg lo die 
aarw proeedure followed previoosly by Scveiaxe & JeegeAseo [292] lliree coauaudov 
A iodeb were used w piedei aolveoi effects oa Uv barrier lugbi of the reactioo' ui a 
spherical solveoi cavtty. (iij oa eOipaotdal eavuy and (iio the polvizable eoAUAUom 
Aieihod (PCMi . At tbe Hanree>Pxk level il>e PCM apptoxb was seeo to gtve resuha 
cIq&csi to die eipetiAieatal or^ t«ab for aolvanoA ia water and di-n-botyl ether: 
however, tlK expeririwaia] bamer Might reducuoA may be soAtewbai oMeteetiataied foe 
water solvaiton Electron correlauon svas fourwl to affect (be (ransmon <ta(e iTS> more 
than (M grouAd sta(e «Mrgy: such barrier lowetiug la reflected m the redxed polarity of 
the TS eonpared with that of tM youitd siaie aitd leads (o a redueticn io (be calculated 
difleteeual solvauon energy 

A (heoreticat study a< a HF/3-21G level of siauooary stiticQites in view of loodeliog 
tM binetK aod thetiBcdynamie coAirols by solvent effects was carrud oti( by Andres aod 
cosvofkera [20^1 Ibe reacuoo foecbaniue for the adliuoa of aznk anioA (o ev(byl 2 2* 
<bdeaoiy'2.3'epiAiiA(KkL eeythrotutaAO*tde, ew(byl 2 J*anby<fe04i4. crythtofuraiMistde 
and ote(byl 1.2*anhydro*^L-er>VuofiitaBOSiile were investigated Hu; reaction 
AiecharusAi presents aMemaUve pathways (wt(b two saddle pouus of ladrx li which xi 
in a kjneucaOy conpesiuve way TM renlu indicaic that the ixIumoa of solvent 
effects changes the order of stabdKy of peoduccs and saddle points Froro (M sirucural 
point of view, the solvent affects (he erugy of tM saddles but not their geonwsie 
patarteiers Otlwi siauooary poiA(s geontetnes ate also stable 

tS CHEMICAL REACTIONS IN SUPERCRITICAL FLUIDS 

SupercritKal water (SCWi peeseots a (inu|(ie coevbiAauoA of moccks attd Aon*MoccK3 
cbaractet. thus t«iAg aNe to replace au ceganic solvent to certain kinds of cbemical 
syAtbesis In order to allow for a Mner uadetsianding of tM pamcobt propen^ of 
sew aiwj of ns influence on the rate of chemical reacticns molecolar dynaAtics 
conpaiter stmuLuoos svere to detertstiM (be Ctee energy of (be SN2 subeucuuon 
rcacuon ofCb and CH3CI ia SCW as a fuKtioo of (he reaction coordioate [216] The 
free erugy surface of dus leacuoA was coetfwed with chat for tbe g^*phase arwj aAibicAt 
water (AWj [2AS] lo tbe gas phase, an ton-dtpole coetplei and a symsbeitK iransiuoA 




QCArm.'vi r* iOLVENT STerrs c^'ei4)cal (leAcrw^s U5 

«oie sL«K found In AW, tlv lojiura can«4pofidifi| (o cIk tc(i-dipol« cofoplo 
««ufiual)y daaf)f€Md s< a cotut^uenct tA ihe sv<akfun| of the oiK)e«f)t)il«*»atft 
hydro^o t««id jaitidcuon, n.'liioh oHmu iIk tfwigy of lOtHfepole inuwoofi T}v fi«« 
<Mr^ bom«r lo SCW «>as found to be cloa lo tfiai itt AW, in ipne of ih« lar^ 
differtncn in &olv<ai density and dtelennc constant among tfienv bowrver, a slight 
minimun) i< praseiu lo SCW, cot/esponding lo tlv joonlipole coinpici l>te sctivotun 
barner in SCW ts only I kcaViiMl higher than tbst berweoo reactants amj ibe iransiuon 
state: (herefote there i< aa e^uikibriuso Mnveen the leactanu aod tlv lon-dipote 
cootfWi The potential of nwan force for this mcuoo lo SCW s»aa furrlwr compared 
suiih Utai for aa oiganic polar solvent disDethylforwansdr iDMF) [216] TIk activauon 
bamer ami the well for the lon-dipole cootplea to SCW lie between those m AW ai*d 
DMF, even if the drettcinc oonstam is 9 ? 5 for SCW, 7S for AW and 2S for DMF 
Angle averaged cylinttocal resolved ducibnucn functions for the warer ntolecule near Uv 
solutes ai (he geomeVKs of Uk sepaiaied reactaats. loonlipole eonplei and (ransitson 
state ware calculated l>ie solvaiton ta itooinaied by rleeiroMaiic forces. sirM a clear 
peefrrriKe for the water molecules to solvate the ion versus the dipole was observed 
DetaJed stiucttital lufnrmasicn about the changes in coordination number and hydrogen 
bonding wnti both density and tentperaturrs for solures of varying charges was also 
obtanaed Even thoogh the coordmaiion number moains high, tlv number of hydrogen 
bonds from AW to S^M decreases as the hydrogen bond strength increases foe the solute 
senes front O’ and G in Uk uansiuon state, to G in the lon^pole complex and 
Tuttlly to free Cl 

Hu and Tnihlar have recently reported a modebng uanutton state tolvaiton at a 
single>watet rcpecscfuation [295] Recent cipenmental ^vanccs leading to the siudy of 
SS2 reactions of gas*pluse mictotolvaKd clusters wtueb can advantageously been 
studied with ab initto electronK theory lliesc eipenments arvl theoretical siudies are 
4UIR relevant to cheoucal revhons lu sopercritical waier. 

Homogenous catalysis lu supercritical fluids has recently been reviewed by Noyoei 
aiad coworkers [ 2 iQ). 

?. DisetiRkiuo 

Tlv theory of solvent effects on siaiadard solutes and on cbemically reacting species 
has been developed in this chapter Some sbortcomings related to the Bors-Oppenhcievr 
view that arc important at tlv intetcoavcrsion damaint have b«en diacosscd. A puanturo 
tlwory of cheeucal imetconverston in (be gas-phase and in paastve solvent ovdia has 
bean introduced This is an extention of our earlier ideas [4T| 

By usiug an uiicrconverston coordinate, it is sbown that dcgenetacRs of reacting 
states on the BO*scheaic ve ooly apparent nossmgs Hie coruept of electro-nuclear 
flociuatioo has been used ui cooivctioo with reactant <|uanium states at the energy 
degeneracy regions Hie expcctaiton values of tlv interconversion coordinate with the 
degenerate Quantum states have values allowing foe a differcntiatioo (along this axis) of 




346 



0 TATIAEr AL 



tlKse Hu cMeiica] mKrcMV<rsiM procta jf>Mar» to be a quantunt imop 

berwetn quasi iejeiKraie msks tbst have rtoo*zero saiautiM iDOfoeets TIm war reto- 
(re^uaney pt>o*oo feld created by the theneally eqailibrated syeteio acts as the cou|>lin£ 
aotvce ajD 0 fi| tlu quaiiuint moleetilar statei. 

T}tf itKory goes M>ond etandard ifiotecularottatat aod vatewe bond approacbes Hie 
sutiooary HamiUoruans Itanog eo grouniJ siaK |>lay a ceesat role Haeir energies are 
sotveni depcfvlefus, while (beii geomeirtes appears to be conserved wiituii reasotiable 
bounds Calcobuons usaig afi auuo ai*d acmi ereiurica] ewihods atvl difCereni loodel 
ayneiBs show Out the geoeievies are a rather robust eooty Of course, at siaodard 
vaJeece boed arvl molecular orDiial appeoxlws tl^ is an apparent shift of ilw s^M 
poiiu for results ploted along Uu reacuou coordinate Usatg Ux laterconveesion 
coorduiaie coocept and active peecursce and socctseor cootpleies iPe mvanawe aspect is 
etoee easily observable in aciua] calcubtioos Nonnally, itu distance berween donor and 
acceptor cenRrs for precursor and successor ootepleaes are different amcng UKovtelves 
aivl itwy an different from (he dietance cbaracrenetie of the SPi*l I( is (berefoee 
logicaJy inconsistent to dimctly compare precorsor and succesors Hw mcroducvoei of 
activased precursor and successor comptexas built arouivl the georoetiy of il>e SPt*l 
solves tlw logical loccnsisiency and allows for Use study of Uk quannuo inRrconversioo 
(10 a region where there will be a euoiiBal geometrK defoenutioo |l6f)l Hm staitfard 
appeovh le^ lo (he classical cowept ofreacdcn pails, while in (he present view sucb 
an idea is foeeigo success m obtaining kiwuc isotope effects wuh our approach is 
based on this new idea [94. 9<. I7d). 

Hr tbeoiy of raws has been daeninaied by the tranuuon state theory PoJowing 
Laidler ami King (37], tlv essential features of this ilRoiy can M sureetariied as 
follows (1) Rates can obtained by focussing anentioa ou (be aciivaicd coreples:, 
whicl) lies at (be saddle pcuiit of the potential energy sorface, iiii Hr activated complex 
•s in 4 state of ''<|tas)*eqDilibnum~ with (he reactants: (lui the riMUcn of iIr sysKot at 
iIr saddle along Ur ~Kaction coordinaii;~ can be treated as a free iransbuonal imhoil In 
(he preseot theory, pernt (lui is completely rejected sshiW ii) and lui are eiodificd Par 
oniioolecular processes Ur RRKM ihsoey has played ao letponaot role ui interpeetiog 
expenoRntal data [296] Being an siausucal theory there is no need foe detailed 
lofbrmaikon couceming the intramolecular dynareicA. Mon iroportant is the assumption 
of a ctiiical configoraikon separating internal states of (he reaciaut from Uioec of Ur 
prcducts ClassKally. ibis configoraiion reprewots a dividing surfve panuig the pliase 
space of reactant amf product It is assooRd iben Uri a crossiug of ibis sorfwe occurs 
only ooce, cbe system URreafisr proceeds lowards products In Ur ibeory presented in 
tbis paper, the concept of crtucal configuraiion is retaiued iu would correspend for a 
given R-region disiaxe lo ibe opunuzed georiRtiies obtaiued along the interconversion 
asis. each one obtaiiRd front model wavefuiRUons of reaciaut ai*d prodxt), but (be 
quantum jontping amcng states elimuiaie Ur cbssKal view found in (he RRKhf 
appeo^ Hr interconvetsaon process cannoi be reduced to an adiabauc process On (be 
oonirary, exr^ relaxation mnde reaccant or uisule prodoci channels can be titodded 
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•ul) adiabatic proccduKi Tbis (suer wbjrct has eatmaively been analyzed jo the 

InaiaiiM [26. J8, 166, 297-300). 

Hie iiiuodiictiM of ai Icsu oec imerconvetaaon procew (step) havjtii j astutt 
dineteiit from tlv Kiivauon-retaxaoon peocessca fooiid aloog ibe /evuiu and pioduci 
chanfie)< aJIowr (a a disuaciioo bcia'cea iste*relaKd and fnecbaaiwc*/<btad ptoceeaaa 
among aoaauin sistas A siatfM reaeuen j< defined by the exjetafM of only oite 
lataicoovamoo step A real cbeeuca] revuon can, tn principle, M decomposed in a 
series of simple rasctiooi. 

[1 i> swirtli noticing ibai quantum reacDve scauering tlwory, semclassical scaftenng 
(beory and rediKed dirwiauonality theory of QuantuiD reacuve scaneriiig trast itu< 
problem in a different manner [21, 159, 160, 163, 501, 302) Ibe BO sebeme is osed 
throughout In our theory, ilv quantooi notes of the precimor and ^ve peecuisce can 
be adiabaiicslly related (to pnnciple all those states belong to ibe saetc stauonaiy 
Hanulioniani, wbtle there is no adiabatic proctas leading to a elaaoge of quantum state 
<in pameutar at the QICi. In woida of Polaoyi and Zesi'ail |303), * 'the traiwuon 
stale' . illtBuaie the mysucal es'cnt of trans'Substaouation". In the present theory, Uus 
state lajiaat the site O'lMre quantum mechanics reigns 

The present approach sets ilv domical mechanism at focus We base uibscrtbed to 
a vanaiu of the ulea that the so ealted transition state is “a molecule liXe any other' 
[KU| But. at sarafKt with Foret, the molecule lu our view la characterized by j 
ataiionary Hamiltonian wtth no electronic ground state It ahms with any other 
fiMlecule the ^t that their eacited states have futite lifetimes. Then, posttilaung Uv 
qaantum mierconversion comptea la not entirely poaotless exetcia since it helps 
organize a good deal of general linear free energy retauonabips [172) The invanance of 
iia geometry and the priviple of surface compicmentatuy givas a aimple ciplanaiion lo 
enzynw evobmon The prtmary function of the enzyme suould be to trap Uv substrates 
t/eactanu) by moUiug tlvm into a geometry as similar as possible to any orv the ABC* 
•ASC sirocnires As in normal molecuks. there are 'equilibrium" dirtancts and angles 
that appear to t« ^ly tnyariaui. and in this sense one cau talk about standard 
geometrical paeameters for trananioo structuees in enzyme molecular mechanism SiiKe 
foe s given mechanism tlv APC-IQC-ASC quantum region is unique, the enzyme via 
an yapeive process tend to deform the reactants into a zone aa peosimal as possible to 
this fundafivntal triad [43| 
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1 1995). 267.256 

44 PeynaM. ft P Xyrryx^a^ftapr^/. ftonjorom )ne . ft4AdiO|. 1971 
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31 HmA|. C Ctwi^ fid Hr il3»r« London ardiod o( <ikuUtm| j^n {fi^^hop v Urgr dj&UACOO. 

IVk MoJ P4s/ 34 ( 1963). 63 1443 

l3 HcfTiAi^ C Ad Rickrr« M A&)Ap<oiK rsdtiA$< coupling od l*o KyAogrn oiok ^Ivi itv , 134 
096iU A363 KM 

13 Mi^l A 9 ood KroAOv. V 9 4o gwiotiiO ftPAjorruji.Inc . )^rw 

Yfirk. 1949 

14 Lffvine. A D ind Iltinfitjn. R R yMM^r /rocMj ^i«d nrficrjritv* Chfcrd 

Vwvtm\y ?tm, }itm Vfirk. |9I7 

&4 4Aj* 1 4. icK^ri H R ^ WoKr. 4 TiWonrne^ cipnti cf pAM<c^ arffMc ck^mjfr^ Wilry. 
hto York. 3993 

lA Hotr W L JiAaliMA fi( chcAOCol reocitfor^ Appbcoiionc ia 4N3 nudrophilifi (uAnimtfA. 

SfiMr. 26dil99dj 99RKH32 

|7 Xrtffcy. C f PiUw. P . Roton. M H . R«AOin|M. S ind tomkiMon. J a mw look 9 proM 
dynvntfs fi)o^ the ii)^rc|o bonds in wii^( M prpi^W^imrr. 344 U994i. 124^1249 
a& M Aoyr* ^ rrgowi poniDoaini o( rnofy b)^ru/2MrO « TiWn^^Aur lAcroi^drW x i3 

H943I. 39CL330 

»9 )4ery. P <3 tdpology o(tno^ hypersurC^A. Tl&trn CkknAc^ 0942). 33^141 

9u ^Odjnirr. C (3 933j TRo prnai siUiMion m ^unrwn »»^nia A condoiion ofirMft^tfb 'Cm 
pj^r.iA WWrlfiT« I A ond Zi#rk. W K^odi ). A^cry am 4 niMA'r«uMtf. ^Moton 

LWvrrsiiy Preiw 9weiA34e** Itmy^ 3$3 142 

9 1 2ril(^r. A Rrrww. K J . Ofwnb«r|«r 0 M . Hornr.14 A 2okowski. M (1993) Conifollini 
rnimgliAAK a ^nuiA fif4>r%ift 9&owi« K M MvQyvu« V^rdt X Quuntw coiwro/ Ai«d0trA(ur«0tr«r. 
ClMwr« AMier4i/i.pf^A22 

93 Lw\|ban. D Tbrorr c/ «4n drr. A/rocr*^ 4|nn|«r«V«H^ d«Rn. 1 924 
R3 AM«w I . Ctf^u. IiOa & ond 0 A o) so^f of )4r>rr 4cbuM rrocMn 

nKhoftiiA mirumunvAA^ profsk ind pr^penitt <d iraoiAJon^ursiniCUjrr^o J Am <2ir0i Rod. 1 19 
(1943). 466-373 

91 TipiA . AMtt 3 ^ Colonn^Cttifu P TriruAOO flrwnrr (or bvMr vw(9 to 

pyndiiis roMn froro rwlonciijr Wod$lA| of LaOK <oifil)ifid rrooitfA. ami Ci^m idr« 319 
|I934).4CM6U047 

93 Tfipi0«O« Af>^r<. I ♦ Au13a« J M or>dCArdoAAS« R E3oo vo roc onprcu o(ihrA)'dMr irons (rr 




i 52 



a TAPIA £TaL 



Tcbmirm Pon I iaolytKol siudtfs ot <he ffAdmiua i yi>y1 

ciclopfcyeoyi^^icft^cyctopctyf e iod to^ld(byAsim<^too<gi» mede\ t««Ai (ydft/rv 2 

Tatooi£u, i62r]^dd) mmi 

Aid;tt« J . MoU*K. V iAd V S kmei^ Miope^(Ki< teiKe hydnd^VM^r 

» Lkm V f^u. ^ riM). 

^ A»dt<v J . io^nL V S , Mtfiins. I ^ L . MUiA. A or>d \^\mt, V AMI jr>d PM2 nncMn 
&DU6iur« (or hydndr V4 A((m a jn o <H rrocMA <oulytt4 ^ Aife^'^eiobir teduciktr ^ i(r( 
TUtOCUiM, 230 ( I Wl ii ] 

9^ C^nm,K AnM.J.Kft^l J.C^iDo. M MT^iaO iM4n»cr o(^nru«joo 

$m:Q#r i^ihrrfftcispoAKrd by oocyllo/^ 

ModrlUig ihr rifortt of \m eKr of tvo r^hoi ^Kyd/o|tAi&r. 

Mr V OWw lA ireu riW). 

w YtiM^Ttn. A. K^rfuA. K. N«|u. C . Pi^wn. A . T. <i jr>d TrInnM. 0 :De«gn 

ftod&)^tf>rsi!K of 0 nrvdAM 90tt o/ulo^ ^iberrM r^^uoo bri*rrrv>ftolr<m>dr ar>d l^lteorr. 
/A» Okmi^r . 1 1 T ^ iWk i)204l2« 

UD T)f4A O . Jicob. ood Colonn^ P TmiM* ilfudutec Ter <orte* ^los^ jod Tcrmold^Aydr 

hy*M}lMieore»tioosin d« cooc^mu ofsiAC. TVor TAim A<tt. ii0^3x 212.230 

Ull Tm. 0 J or>d iitei. V A (ludy ctf nMiitf* Hg loirMoMr^r 

K)'drc^rvoififf6r irvrttkcolv o^^rlt rrfrrtf nurg D.rMl£M.1.vbMp6o&fMjdr A pOMbMir^orvlor 

mr(hoAi(% iof^tnc\a^m Arp » Plubvro, TiWir. (I^).4l2l A4X 

]{0 TopiA ^ Ajtft«4w J md Sof^. V S Cttymr <ouly(i& md ojnyr>on Arwrc i* w>a> Trinyiioo 

UAicOAri ihr rrttluM^rwcjfbos^lMMO jr>dos;y9rftMftor>TMUon!S lo nbulot^ I.Uispl^pl\nr 

<vbofyluM)^ttur ruyftr iPlukcro). / ten^v f/Avr. PC 22T4 

lOA tifOA 0 iAd AMtt. I A fl/nplr pooioccl io rikuloir «iddlr pooi( TtanciMi Alo^ (D'oovrc 

ftf ihr Ktryrr SrKuAO rroci >06 in ror io aA KtO soadv . C^Am lArtrr/. lOA 

|]MX4TI42? 

MM 6rrm/vJ CAJlArdo^ I .Mor^o^ M vd^ovAAAkJ M D^&^iCCQKirrrkarM n/w(66r a6/a/T4o 
& adf oflAr cirboruKDlfi^tft bead trductivtrlMta^iA rMhyli^ prrfluercmribvl haUrw ftoMoflhr 
rchoi. JAitriah ;or . I U( mi. ^ j?d-^SP3 

iOS W«mIoa&Ai. r A rod Wor^^C A ^mao foAciMil opptoifh fcriA liPio rikubOM <d 

MiNMd me^(Ae(..r rAM.$? (I Wk PfdUi053 

)06. HoA^. 6 or^ Nief^K A Ckwiroi rlttVOf UDU a bal^ orj rbaruAry. 364 ^ l^x 

M4AUM 

lOt Angyre. I 0 IUyla|^$^rodjftgrr pAJMboiM drery of nonjir>oir SAMftgrr with 

liftdirp<nur%iM. 3oi/psatAur C(km,^f 

lC4 Angy^ J 0 CWoAing beisuren imnoiivr MP2 ilgorowi iMMM«i/ron(iwftirraiM field iSCtf) 
iMory cirolvooirlferB. . mprottd^S). 

IC2 Gm. I Cofflbifted QIAiMM ((mIimo (lady of the Clmro rA^rroAgtaeftt of oJIyi ruyl eiArr a 
iqueov wtooA. ]H(mk l36Xl36i 

MO Popp^irdc. H k . Sorxtes MirrcA. 9 H«jt.Loprt M P . RiftoJdi.D or>d PiNiil. J L Solv^ effecB 
<B aoler^lor leoarBw iAd iscAxnuuoA proerrea A yody <d poch.puU oiKyle^tes a ^uBon 
/Am CkiMtScc . n $ ( IP$3). 3333.3T30 

1 1 1 Sdrwiwt Mtfcos. &. pDp^lMo, ft RjadI A. D C/fenb ^ ilw «l^a tt^MA field c« 
|«oaeinal «r«UM cf aeullir<di^./Plk& (iMm . P5 0^1 k 6^364232 

in U . PokkMn. T A and Xaelw^ M A lejruefffiriril study oi^tchtM offed oa lAe 

MmhuBv teocie^/C^rt^^riui //.Ajbranrd U^j 

113 KorolMo. M M iod Zrr>er« M C ThrorVtfol (trrtaeBi of soWra effai( cb eleciJOiK 
spemao^. / /4vt OWm. $6 (mj. bPd^6P$t 

114 KaeUoo M TiMn. T ^ 2erwr. M C MulBtovKy reaiM field mi^d (or <he sclv^ rffai 




Q4jArmiMi>^cn&Y0PSCLYa/f smci^AJ^DO^cwiCAL e£4mcNS 



in Desibk sy(ierTu.i>^ OhM». U^MI^? 
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